elSBN: 978-1-68108-500-5 


ISBN: 978-1-68108-501-2 eISBN: 2543-1617 
ISBN: 2543-1609 


ANDROLOGY: 
CURRENT AND FUTURE DEVELOPMENTS 


VOLUME 1 


BIOCHEMISTRY OF ANDROLOGY 


EGITOrs: 
VA Marco G7 Alves 
Pedro’ Fontes Oliveira 


Bentham 


Andrology: Current and Future 
Developments 


(Volume 1) 
(Biochemistry of Andrology) 


Editors 
Marco G. Alves 


Health Sciences Research Centre (CICS-UBI), Faculty of Health Sciences, 
University of Beira Interior, Covilha, Portugal 


& 
Pedro F. Oliveira 


Department of Microscopy, Institute of Biomedical Sciences Abel Salazar 
UMIB - Unit for Multidisciplinary Research in Biomedicine I3S - Institute for 
Innovation and Health Research, University of Porto, Porto, Portugal 


Andrology: Current and Future Developments 
Volume # 1 

Biochemistry of Andrology 

Editors: Marco G. Alves & Pedro F. Oliveira 

eISSN (Online): 2543-1617 

ISSN (Print): 2543-1609 

eISBN (Online): 978-1-68108-500-5 

ISBN (Print): 978-1-68108-501-2 

©2017, Bentham eBooks imprint. 


Published by Bentham Science Publishers — Sharjah, UAE. All Rights Reserved. 


BENTHAM SCIENCE PUBLISHERS LTD. 


This is an agreement between you and Bentham Science Publishers Ltd. Please read this License Agreement 
carefully before using the ebook/echapter/ejournal (“Work”). Your use of the Work constitutes your 
agreement to the terms and conditions set forth in this License Agreement. If you do not agree to these terms 
and conditions then you should not use the Work. 


Bentham Science Publishers agrees to grant you a non-exclusive, non-transferable limited license to use the 
Work subject to and in accordance with the following terms and conditions. This License Agreement is for 
non-library, personal use only. For a library / institutional / multi user license in respect of the Work, please 
contact: permission@benthamscience.org. 


1. All rights reserved: The Work is the subject of copyright and Bentham Science Publishers either owns the 
Work (and the copyright in it) or is licensed to distribute the Work. You shall not copy, reproduce, modify, 
remove, delete, augment, add to, publish, transmit, sell, resell, create derivative works from, or in any way 
exploit the Work or make the Work available for others to do any of the same, in any form or by any 
means, in whole or in part, in each case without the prior written permission of Bentham Science 
Publishers, unless stated otherwise in this License Agreement. 

. You may download a copy of the Work on one occasion to one personal computer (including tablet, 
laptop, desktop, or other such devices). You may make one back-up copy of the Work to avoid losing it. 
The following DRM (Digital Rights Management) policy may also be applicable to the Work at Bentham 
Science Publishers’ election, acting in its sole discretion: 


N 


e 25 ‘copy’ commands can be executed every 7 days in respect of the Work. The text selected for copying 
cannot extend to more than a single page. Each time a text ‘copy’ command is executed, irrespective of 
whether the text selection is made from within one page or from separate pages, it will be considered as a 
separate / individual ‘copy’ command. 

e 25 pages only from the Work can be printed every 7 days. 


3. The unauthorised use or distribution of copyrighted or other proprietary content is illegal and could subject 
you to liability for substantial money damages. You will be liable for any damage resulting from your misuse 
of the Work or any violation of this License Agreement, including any infringement by you of copyrights or 
proprietary rights. 


Disclaimer: 


Bentham Science Publishers does not guarantee that the information in the Work is error-free, or warrant that 
it will meet your requirements or that access to the Work will be uninterrupted or error-free. The Work is 
provided "as is" without warranty of any kind, either express or implied or statutory, including, without 
limitation, implied warranties of merchantability and fitness for a particular purpose. The entire risk as to the 
results and performance of the Work is assumed by you. No responsibility is assumed by Bentham Science 
Publishers, its staff, editors and/or authors for any injury and/or damage to persons or property as a matter of 
products liability, negligence or otherwise, or from any use or operation of any methods, products instruction, 
advertisements or ideas contained in the Work. 


Limitation of Liability: 


In no event will Bentham Science Publishers, its staff, editors and/or authors, be liable for any damages, 
including, without limitation, special, incidental and/or consequential damages and/or damages for lost data 
and/or profits arising out of (whether directly or indirectly) the use or inability to use the Work. The entire 
liability of Bentham Science Publishers shall be limited to the amount actually paid by you for the Work. 


1. Any dispute or claim arising out of or in connection with this License Agreement or the Work (including 
non-contractual disputes or claims) will be governed by and construed in accordance with the laws of the 
U.A.E. as applied in the Emirate of Dubai. Each party agrees that the courts of the Emirate of Dubai shall 
have exclusive jurisdiction to settle any dispute or claim arising out of or in connection with this License 
Agreement or the Work (including non-contractual disputes or claims). 

2. Your rights under this License Agreement will automatically terminate without notice and without the 
need for a court order if at any point you breach any terms of this License Agreement. In no event will any 
delay or failure by Bentham Science Publishers in enforcing your compliance with this License Agreement 
constitute a waiver of any of its rights. 

3. You acknowledge that you have read this License Agreement, and agree to be bound by its terms and 
conditions. To the extent that any other terms and conditions presented on any website of Bentham Science 
Publishers conflict with, or are inconsistent with, the terms and conditions set out in this License 
Agreement, you acknowledge that the terms and conditions set out in this License Agreement shall prevail. 


Bentham Science Publishers Ltd. 
Executive Suite Y - 2 

PO Box 7917, Saif Zone 

Sharjah, U.A.E. 

Email: subscriptions@benthamscience.org B 


CONTENTS 


PREFACE iare i 255050555 e pE bak gees one as See es Sak on vas ah phe ba cde dks steeds Abani des bs ded pagan Con E RE i 
LIST OF CONTRIBUTORS oucciccccccccccccccssscsscessecsseseecsecseecsececesseceeeeseecsscseecseceaeeesscsesesecsseeeeeesaeenes iii 
CHAPTER 1 INTRODUCTION ouuu.....cccccesssssccsesssesssesssesscesscssscessesecessesecsssenssesscensecseceneeceecensecsscsees 1 

Marco G. Alves and Pedro F. Oliveira 

CONFLICT OF INTEREST oruc arno a aA A AE ATA A A AEAT ATAA 4 

ACKNOWLEDGEMENTS sssscectesti dl iio ei sl a Mees da eee A aes 4 

REFERENCES i focciscicccci diction ta tecsdn ts datesu cdi och cau jee adie conse E E ee 0 couse cab eadcisteddetvesdacdease doesne 5 

CHAPTER 2 TESTIS PHYSIOLOGY oo...ccicccccccccccccesccssesseecssesseecssesseececesseceesesseesecessesesesseseeeeees 6 

Bruno P. Moreira, Jo-o P. Monteiro and Maria J. Meneses 

INTRODUCTION 0s seciccoscisceacesccacivctesad cessed cocdecen cttesedetecnsevead ded ges dedgetansdbcsuedbesivessed doaded cectacdesiveducevess 7 

ANATOMY OF THE MALE REPRODUCTIVE TRACT ooo.....cccccccccccccscesseesecesseesseessesseeesees 7 
Structure of the Male Reproductive System oo... eeseccsecseeecseseceecseeeceeceesecsesevseseeeesseseeeeeaees 8 
Testes hi its deetooiteah andes a aiaia . 8 
SCLOCUM sosro ncini ia dca aectaces sie cdseceeitccavatces teats we 9 

FUNCTIONAL ORGANIZATION OF THE TESTES ..... . 10 


Tubular Compartment oo... ccc cececesseesceeceeceseesceaecsecsecscesceseesseseesceseeseeseeeeseceseecaeeaseaeeaeensente 10 
Interstitial Compartment: 2c. ces ciysetessestees Sandusteres eov eee cubed E EEEE N er SEISNE 11 
PRENATAL DEVELOPMENT OF TESTES ooo... ccecccseessseseseeeeceeseseseecseeeceeseseeeeecseaeeenseeeaes 13 


Sex: Determination: gerran ar vector aes A E ahs RR ec ae AE 13 
Development of the Bipotential Gonad oe ecceceseeeceesseeecseeeceecsesecneceesecneseveesneeessesaeenaees 15 

Formation of the: Genital Rid@é') fi:23 deciita inset iakaed die Rae Ree 15 
Téstes Differentiation gc3.cicicsesees cascades castes see Gis sos sis AE OEE EEE O R E 17 
Pré-Sertoli:Cell Differentiation: sniene i n seen Wk evap iad aes fa ose en aoe div ee ER 18 


Primordial Germ Cells .......... . 19 
Leydig Cell Development ..... wal 
Fetal Leydig Cell Origin occ ecececessessesscescescesceseeseceeceeceacsaesaecaecaecaeeaeeaeeeeeeeseeeeeeeseeeteeaees 21 
Fetal Leydig Cell Differentiation 20... ccc ccceccessessesseeseescescesceseesceseceececeaeaeaecaecaecaeeaeeaeeeseess 22 
Fate of Fetal Leydig: Cells: rurar tecccaevsevacescascesectseevaivsancacacetedecavceecdvesguaes svuke. seeteascinves EEES 23 
CONCLUDING. REMARKS © kasenianna nonea a ian Healt Bihan ies 24 
CONFLICT OF INTEREST .... 
ACKNOWLEDGEMENTS 
REFERENCES oooeececccccccccssessscescseseseeseecsceecessescsceccasseseeaescsceececaesesasacaceesecasscueeseecaesesesaeaeeeeecaeaeseeaes 


CHAPTER 3 BASIC ASPECTS OF TESTICULAR CELLS: PHYSIOLOGY AND FUNCTION 38 
Jo-o P. Monteiro 


PERITUBULAR CELLS: LOCALIZATION AND RELEVANCE 
SERTOLI CELLS AND THE NUTRITIONAL/PHYSICAL SUPPORT OF 


SPERMATOGENESIS raniona n a tes sopssdbeurssdessnsbotasdvessosesdsnsdseastetbastenends 45 
SertoliCellMetabolis i ireas araar aai a E AEPA etnies a AAA E aia 49 
Regulation/Modulation of Sertoli Cell Function . & 33 
CONCLUDING REMARKS. ooo. csceecsececeecsesecsecessecnecesecassesaecessessesessesaeseeseseesesaeaeesesaeeseas 56 
CONFLICT: OF INTEREST nenna ena descend i aeee oi Montene a Ae eith 58 
ACKNOWLEDGEMENTS orage eia a a aa AA EEATT AIRE RE ATA ES 58 
REFERENCES narsi ora e eE E Eea TAONE EO EIE ES ATENTEN N ESS 58 
CHAPTER 4 BASIC ASPECTS OF SPERMATOGENESIS ...eseeeseeseeeriresererersrrrsrerereeresrereeses 80 


Bernardo C. Rodrigues and M“rio Sousa 


INTRODUCTION eN E 5 seach ies EE E R AA I baba bas Scand N I 81 


FACTORS THAT REGULATE POSTNATAL TESTIS DEVELOPMENT ......... eee 82 
Follicle-Stimulating Hormone (FSH) .......ececceesseecseeeseceeseesesesseeaesesscnaeessesessesaesessceeseesaesees 83 
Luteinizing Hormone (LH) 

Testosterone wee 

Activin A and InhibinB ....... 

Hepatocyte Growth Factor (HGF) oe. eeeeeesseseeseesesessceeesessceesscaesessceesesseseeecaeseeecaeeeeeenees 85 
Thyroid Hormone: CPH) penneres arIa ates EEEE EEN AKESE 86 
SRY-Related Box (SOX) Family .... 86 
Anti-Miillerian Hormone (AMH) ... 87 
ESOS CS: eoa a paee EA 87 
Insulin-Like Growth Factor (IGF)-1 88 

PHASES OF SPERMATOGENESIS oo... ceseseesesseseeseeeseesesenecseeseeecsaescsecseveceesaesecsesaeeeens 88 
Mitosis shied Niece ale Aovieieae e ce ieee Geese see AGN Ey tele teed aR ieee ede eae 88 
Meiosis 0... eee .. 90 
Spermiogenesis .... 91 
SPOMMatiON 2sccsscsecascuvessvevesscivess cos des cescectedehveavdbssteanest oud suecssdoscusceude ccdesbedece sedges decdeadbessdessdeceveesd 92 
Spermatogenesis and the Cycle of the Seminiferous Epithelium 00... ee seeeeseseeeeeeeeeeeeee 93 

REGULATION OF SPERMATOGENESIS CYCLE ou...cccccccesssseecssseneeseeeseeeeeeseneeeeecneeeeeaes 94 
Hormonal Régülators iai setae ge inee i dette nis Oeics Hiei Daa edie ae 95 
FSH 
LH 
Testosterone 
ESUOSENS: orlan risens EE rA r EA EEEE EEE rE AE E ES EEE NE SIS E EEES 97 
Paracrine and Autocrine Regulators ......s.ssessessssssssesstsestsetstsessesestsetseseetssesesseteststrseseesssesessenestt 98 
Metabolites and Associated Factors .......cccecesesssecseseeseserseesesesseseesessesevscsaesessceeeeesasaeeecsaeateees 98 


GTO WED: FACTOS issu edegsi sass eas evade cus a AATE EA AEA ENUA AEA TAE VA AA EATE AEEA 98 
Cytokines ena e e hah aaa E as nee a ei deeded, 100 
TRANSCRIPTIONAL AND TRANSLATIONAL CONTROL DURING 
SPERMATOGENESIS proren o e e E E A ed 101 
Transcriptional Factors (DNA-binding Proteins) ........seseseeeeeseeseseessseeseererseseeerreserereenrsrerersrees 101 


Zince=hin ger Family senpro ats gebeovasheseleasbishispahaleaascushawabagusietevaasdetaauepuaragceaes 101 
Heat Shock Transcriptions Factors (HSFs) .......:.ccceccssessessessesseeseeeceeceecescesceaeceeceeceaeeaeaeeneeneeas 102 
Basic-domain-leucine-zipper (b-Zip) Family occ cceeeesessessesseeseescescesceeeeesececeeceaeeaeeaeeneeneenee 102 
Homeobox Family yosin nsise ie citane AA AE TA O E E AATA ES 103 
Translational Factors (RNA-binding Proteins) ......sesseeseseeseseesssstsesesrseseseersssesetressssereenreereersrees 104 


DEAD-box Family of RNA Helicases 00... cccccccessescessesseeecesceecseeaceaecaecaecaaesaesaecsecaeeaeeaeeneees 104 
Signal Transduction and Activation of RNA (STAR) Family ...seesssseseseeseesereereerererserrerersereee 104 
Ve DOK ea Ih AAEE E EAE EAE AE TE 105 
Heterogeneous Nuclear Ribonuclear Protein (hnRNP) Family ....sesseseeseseeseeierersrreerersrerreree 105 
P-element-induced Wimpy Testis (PIWI) Family ......... eee .. 106 


CONCLUDING REMARKS oreo aa EE a a NEE EEA AEEA A a Eei 107 

CONFLICT OF INTEREST et A AATE A AA AAA RTR E Spee NTSC Oe 108 

ACKNOWLEDGEMENT puhia ana e a aa dita ea eae 108 

REFERENCES oieccccccivcesccscncods tac sesie isir iien ao i iea K AE de siacee EEA E oE 109 
CHAPTER 5 HORMONAL CONTROL OF MALE REPRODUCTIVE FUNCTION .................. 126 

Maria J. Meneses and Ana D. Martins 

INTRODUCTION tise. cicoccticdscticcissncobeas c0s acd on inai a a ai aia 


THE HYPOTHALAMIC-PITUITARY-GONADAL (HPG) AXIS 
Growth HOrM On aeoea an AKAA AEEA OAE A AA AER 


ANDROGENS : csi a 255 5, A E A AA ce ae hth EEES 130 


ESTROGENS: Gaa otanta AEE EE VIA E EAA E E T AE elke 131 
INSUL N ertem veetesycsnensosickgeceresadeesnetestoesosserd EER Iei AE VOEE ETTE EE ENa EAT EEE Ran 132 
THYROID HORMON aer E E R E EE E E TE A N 133 


GUT HORMONES ...... a 134 
Ghrelin... . 134 
CDOS ET aE aUe AEE E EA EAA O A AE AE 136 
GlücagönLiké Peptidesl sssini iapisir osien des oe EEE A aN aS SET Ea ESEESE isi 136 

ADIPOKINES 


A BRIEF OVERVIEW ON PUBERTY-ASSOCIATED DISORDERS ....aoiiiiineeeesissereresers 165 
CONCLUDING REMARKS ooo cseectececnecsesecsecessecnesensecaesessecessesassessesaesesssneesesaesesaenaeeseas 165 
CONFLICT OF INTEREST eeni iieii AES aain E SE A EKNE 166 
ACKNOWLEDGEMENTS paeen aueia aN AERE E AE A AAA te nated ee AEAEE 166 
REFERENCES 3. ec. decisia veetitevnadeiieittand ante E E a a A eaa 166 
CHAPTER 7 BIOCHEMICAL EVENTS OCCURRING IN THE EPIDIDYMIS ...................05. 178 
T“ nia R. Dias and Raquel L. Bernardino 
INTRODUCTION” 3, aiid castsheoteahedeves bahibotlenguinoueieis ene ieee 179 
STRUCTURE AND FUNCTION OF THE EPIDIDYMIS 000... cceccceececeeceeeeeeeeeseeeeeeneeeeeees 180 
Epididymal Cell Types srin sb eietaatcitregassceaclestecileesiene desis cs E E A E E E aes 181 
Principal: Cells c.ccsccvccssceiscvecssciscxtecses seuss toa TE EAE AKAA EAEE E OE AEEA E 182 
Narrow Cells: siasme pae e A Ar den i E A S R E 184 
Apical Cells 
Clear Cells 
Basal Cells 
Halo Cells. siscovcsscssestdotsorterse cts cons tecchoep inaa aE A ENEE EEN NRE 
Functions of Mammalian Epididymis .........ccccecessessessesseeeceeceeceseeseeaeceeceeceaesaesaecsecsecaeeaeeaeeseees 186 
EPIDIDYMAL PROTEINS AND THEIR FUNCTIONS ooo...cccccccccccceccscesceseseeseeeeeeeeeneeeeeeneees 189 
BIOCHEMICAL CONTROL OF SPERM MODIFICATIONS/SPERM MATURATION ... 192 
CONCLUDING REMARKS: encetar ienen e baatidaatien aeons ian Bees 195 
CONFLICT OB INTEREST «oo. 2: cissescissaescscncdecsucuesodctesspseketevescssv'st scggee dade seavabecbeabcsteatverdiovensesaseee 196 
ACKNOWLEDGEMENT © 550.2: scciscaieeoana tpi datdn are diniuatedasabnn ences les ves cea sede aa deduce ade nes aly ada ley 196 
REFERENCES) NE EA AET E E E Ae ie ae ERE Saas teks tsa 196 
CHAPTER 8 FORMATION AND BIOCHEMISTRY OF SEMINAL PLASMA AND MALE 
ACCESSORY FEUIDS” ysccsssesesieeceocereass a E A E Aa E E A E cas tivkes ls abso 207 


Raquel L. Bernardino 
INTRODUCTION: siempiepie G 207 


THE EPIDIDYMAL MILIEU ooo. cccnesscceecesscesecessesseceeeessccencesecnacesseceacesaeceecenaeseenees 
LUMINAL FLUID COMPOSITION: RELEVANCE OF BICARBONATE ee 
Bicarbonate Transporters in Epididymis .........c.eceesssseesesseescesceseeseeeeeeceeceeceaeesceaecnecaecaseaeenaeess 
LUMINAL CALCIUM AND SPERM FUNCTION oo. oiicciccccecceseeeeceseeeeecnseeeeecaeeeeeeeneeeeeenees 
ELECTROLYTES, PHOSPHATASES AND SEMINAL PLASMA COMPOSITION .... 
CONCLUDING REMARKS oui. oiccccecseessesseseeseeesesetessescnceecessesescecseeesesaeececnecesaeseeaeaeneeeees 
CONFLICT OF INTEREST ooo. .icccceccccescssseessseecsesesesescseeeeecseseecacsenececaescsesaeesaesecesaenenaeecaeeeeeaes 
ACKNOWLEDGEMENT oa cscsccctecesccussucteiicenscutes aea e nE EEE oee doe ae aletes 
REFERENCES 5. cescscecessseisei aps cates ctbstecutecbvcveessousensudove sesgeesdenetiunessveusnt ont ded dondsadectdvehsvtesbsonenderasencn ees 


CHAPTER 9 FUNCTIONAL AND BIOCHEMICAL ASPECTS OF SPERMATOZOA _............ 230 
T” nia R. Dias 
INTRODUCTION nion icc etest ee sev Secdect severed E EI E E EE EE 231 
SPERM ULTRASTRUCTURE AND CHROMATIN o.ui..cccccecccecceccecceeeseesecseeseceeeseeneeeeeteeeeeeees 232 
Morphology of Human Spermatozoa .........ecececsesecsscseecescescesseseeeeceeceeceeeseeseceeceecaeaeaeeneeneens 232 
Characterization of Sperm Chromatin ........ccccecccccessesscesceeceseeeeseceeceeceaessenaecsecsecaeeaeeaeeeeeeeeeeees 235 
NOVEL MODULATORS OF SPERM MOTILITY ooo. ccceeceecneeeceeceeeecnesececnseecnecetaee 237 
SPERM CHROMATIN INTEGRITY AS A PARAMETER OF SPERM QUALITY ............ 241 
SPERM EPIGENOME AND IMPLICATIONS TO OFFSPRING 
DNA: Methylation’ siana Naat ieg shad deste ite heady 
Histones Retention and Associated Modifications 0... cee sesceseseeseeeeseeeeeeeeseseesceeseesaenees 
Spermatozoal RNA Transcripts .......cceceseesecsecsecseesceseeeeeseesecescescscsaeeaeceecaecesesaenaecaecaecaeeseeneees 
CONCLUDING REMARKS 
CONFLICT OF INTEREST .... 
ACKNOWLEDGEMENTS 
REFERENCES aien inris e a E E AE E EA R A AE 


CHAPTER 10 BIOCHEMISTRY BEHIND THE JOURNEY OF SPERMATOZOA THROUGH 
THE FEMALE REPRODUCTIVE TRACT ouu..cccccccccccccccccsscessecsecesecsecsseceecseeseecsseeseeesseseeeseesseeenes 257 
Lu’s Rato 


FACTORS THAT REGULATE SPERM CAPACITATION 0... ceeceeeeseneeeeesetereneeneees 261 
Cholesterol FAUX: ss.:.csis.sisess csovtedswstevesceresstessonabe ai a E AE EARE K A R 263 
Ion Flux and Sperm Capacitation: The Role of HCO3- Transport ........esssessseessesersessesseseseeees 264 
Calcium Influx Modulates Sperm Capacitation .......sssseseeseeseseeseeeeesssrtrtersrrsreretsrsreretseresrererse 265 
Phosphorylation Events during Capacitation 


Serine/Threonine Phosphorylation ........ccccccssessessessesseescesceseeseeseeeecececeaeeaeeaecaeceeceaeaeaeeaeeneeas 267 


CONFLICT OF INTEREST .... 


ACKNOWLEDGEMENTS 

REFERENCES portiamo Gh fn dee ela hid bh eb oo Bano ie e a aa hea eek 
CHAPTER 11 TESTICULAR CANCER, ERECTILE DYSFUNCTION AND MALE 
REPRODUCTIVE HEALTH o..cicccccccccccccsccssecssesssecscesseeescesseesecesseesesessessecessesuecessesaececesascnesesaeeneeesaes 291 

Lu’s Rato 

INTRODUCTION eerren tbs ces ons sad bets de ose voav each andi ag E E N E A 292 

MOLECULAR MECHANISMS INVOLVED IN TESTICULAR CANCER ooeec 292 

BIOCHEMICAL CONTROL OF LIBIDO AND ERECTILE DYSFUNCTION ..................... 298 


BASIC ASPECTS OF SEXUAL TRANSMITTED DISEASES ooo. cee 303 


Molecular Mechanisms of HIV Infection ........cccccccescssscescesseceecesseceeceseecseceseecseceseecseeneeeeseens 303 


Herpes Simplex Virus Infection 0.0... ccc eccecescessesecsecsecscescesceseeseeeeceeceecssessesseceeceeceaeeaeeaeeaeeneeas 305 
Gonorrhea Infection of the Urogenital Tract 0... ecececsessssssseceeceeceseesessecsecsecaeeseeseeseeeeeeeees 306 
Molecular Basis of Syphilis Infection 0.0.0... cee ceeeeeseceeseeseseescseeeesesesscsaesesscseeecsaesenecaeeeeee 308 


Chlamydia Trachomatis ..... .. 309 
CONCLUDING REMARKS scc.cc hich shee eee Ste een eve asv ede ee a ave eT 310 
CONFLICT OF INTEREST ou.....ccccccccccccccccsecssecsseeseecsseeseecsseseecsseaeeesesseeeeessesesesseeesessesseseaees 311 
ACKNOWLEDGEMENTS i. csdoseesiessnctiserstassneeneastapdendeses shazsernes sae ieases dav baba dana Ea ES eS SS 311 
REFERENCES © f02ssscssscsssecsiesots ond o0cabsdecabidi vs i a ENEE ORR ae Sess RRR 311 

CHAPTER 12 METABOLIC DISORDERS AND MALE REPRODUCTIVE HEALTH. ............ 326 

Maria J. Meneses 
INTRODUCTION. 5.5.05. cc. sdaciycegees eek nan EE eee oakege E EARO bos EE EE 327 
OXIDATIVE STRESS AND ITS EFFECTS ON MALE REPRODUCTION ..............cee 328 
NUTRITION AND MALE FERTILITY 0.......0ccccccccccccccssssescesseesecescesseceseeseceecessecnesesseeneeesaes 329 
Vitamin Ay seh tess ahire oE dons Eea Ea EEEE os yeeaes donee Sua Ma E Wena cab a EE 329 


Vitamin B 
Vitamin C 
Vitamin D 
Vitamin E 
Selenium 
VAEN 2 ede $e Sess SOS ELS BR IES TE BEBE SEE ies 
Coenzyme Q10 wees 
Polyunsaturated Fatty Acids 
BIOCHEMICAL CHANGES ASSOCIATED TO GLUCOSE AND INSULIN 


DYSFUNCTION THAT COMPROMISE MALE REPRODUCTIVE HEALTH .................... 336 
IMPLICATIONS OF METABOLIC DISEASES ON SPERM QUALITY o.ae 339 
ODESI miaa teins dien eit Hi ates Mee ae Gain ase 


Diabetes Mellitus 


CHAPTER 13 ENVIRONMENTAL CUES AND SPERM QUALITY eerren 360 
Ana M. Cardoso and Lu’s Rato 

INTRODUCTION, irei coheed elie eal Ge ARG eI Te ioe alee E a eae eS 360 

MOLECULAR TARGETS OF ENVIRONMENTAL CONTAMINANTS. ou. 362 

Hypothalamic-pituitary-testicular Axis ....c.cccceseeseeseesecseeseesceseeseeeeeceececsseeaeeaecaecaeeaeeaeeaaeess 363 

LG ydig Cells: ccstcecdsceecoscescenecsccecas sea ene dacsecascubvenesbesvesses ses ced doctesdosevscacetesnssteadava duads sdesdeseeusvedeveseees 364 

ertolt- Cell. ss esse esscyatetess are dosent eiti cradles tutes. aire aise cased E E sites 366 

Germ Cells .... ATE T 368 

Spermatozoa as a Target for Environmental Chemicals ... EEE 369 


ENDOCRINE DISRUPTORS AND OBESOGENS ..osassssssssssssssessssssresesssssisesesesesesisessserersssseree 370 
EPIGENETIC CHANGES IN GERM CELLS ou... cece cee sees ce ceeeecenesseceenesiesenees 372 
CONCLUDING REMARKS 
CONFLICT OF INTEREST .... 
ACKNOWLEDGEMENTS 
REFERENCES. heraren a anan EAN E TEATE Wgnant beg E abana Corba E agney A 


CHAPTER 14 BIOCHEMICAL CHANGES IN THE REPRODUCTIVE FUNCTION OF THE 
AGING! MALE: <5ccc3.dsceceencasstgi Saba castes Hk SSeS SS GSC LEN TATU GAT i EER 389 
Susana P. Almeida and Lu’s Rato 
INTRODUCTION onai ra E ste cds Sc eke nica AREA E TE ses E 
IMPACT OF AGING ON TESTICULAR ANATOMY AND PHYSIOLOGY ... 
ENDOCRINE DYSFUNCTION IN THE AGING MALE ou.....cccccccccecccccesceeeecseeeseeeseens 


PREFACE 


Andrology is the discipline that corresponds to gynecology for men, but while the latter is a 
well-established discipline, the former is still an emerging field. A simple definition of 
andrology will include the study of all subjects that may affect the male reproductive system. 
In the last years, a striking large number of topics has emerged in this field and there is an 
increasing amount of information that may be useful for graduate, post-graduate and even 
well-established researchers. Herein, we summarize the available information so far in this 
area, presenting a review and a critical analysis of the available data on the most relevant 
subjects with interest to andrology, with emphasis on the biochemistry of the processes. This 
e-book is divided into 14 chapters, all coordinated by Dr. Marco G. Alves and Prof. Pedro F. 
Oliveira. 


The first chapter is a brief introduction to the historical evolution of andrology and how 
biochemistry has emerged as a partner, contributing to the emerging relevance of this 
discipline. The second chapter describes general considerations on testis physiology, 
testicular anatomy and functional organization, as well as its embryonic development. The 
third chapter discusses the basic aspects of testicular cells physiology and function. The 
fourth chapter presents the basic aspects of spermatogenesis, a key event for species 
propagation, from a biochemical perspective. It is mainly focused on the mechanisms 
responsible for postnatal testis development but it also presents an overview on the complex 
events that control the spermatogenic cycle. Many of those changes are under the action and 
function of male-associated hormones that trigger signaling pathways thus, the fifth chapter is 
dedicated to those issues. The endocrine regulation of sexual maturation and sperm formation 
is still a matter of great debate and with an enormous interest. In the sixth chapter, the 
transition period between childhood and adulthood is discussed, particularly the biochemical 
changes that control pivotal events responsible for the sexual maturation of the individuals. 
There is also an overview on puberty-associated disorders, pinpointing the clinical features 
that should be taken into consideration and the deleterious signals that may occur until sexual 
maturation is achieved. In the seventh chapter, the biochemical events occurring in the 
epididymis that end-up in sperm maturation, are discussed. It also discussed the structural 
organization of epididymal epithelial cells and secretory proteins and their involvement on the 
spermatozoa modifications that occur during the process of maturation. The eighth chapter is 
dedicated to the formation and biochemical properties of seminal plasma and male accessory 
glands. Those changes are essential for spermatozoa to acquire fertility capacity. In the ninth 
chapter, the functional and physiological aspects of spermatozoa, as well as its epigenome are 
presented, which may have an enormous implication to the success of the pregnancy and 
latter to the offspring health. The male gamete is very dynamic and has to move, capacitate, 
migrate through the female tract, bind to the egg membrane and fuse to the oocyte, resulting 
in a viable embryo. The tenth chapter is dedicated to the sequential modifications and the 
molecular mechanisms that occur during the journey of spermatozoa through the female 
reproductive tract since they have a pivotal role in couple’s fertility success and offspring 
health. Those events may be compromised by several factors that compromise male 
reproductive health. Congenital disorders, such as hypospadias, undescended testis, testicular 
atrophy and testicular cancer have increased among young males and even erectile 
dysfunction and sexually transmitted diseases are still problems that compromise male 
reproductive health. These issues are discussed in chapter eleven. The twelfth chapter 
discusses how the pandemic incidence of metabolic diseases is contributing for the worldwide 
decline in both, sperm quality and male reproductive health. The biochemical changes 
induced by lifestyle factors and nutrition in the testis are on spotlight to unveil the 
mechanisms by which metabolic diseases affect nativity rates and the offspring. There is an 
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intense debate whether worldwide sperm quality is decreasing and the factors that may be 
responsible for that. Environmental contaminants have arisen as main contributors to the 
decline on sperm quality. Thus, the molecular mechanisms by which environmental cues alter 
male reproductive health remain a matter of great interest and are discussed in the thirteenth 
chapter. The last chapter is dedicated to the biochemical changes in the reproductive function 
of the aging male. Later parenting is very frequent in modern societies. Nevertheless, the 
quality and the altered patterns of epigenetics/gene expression in aging sperm remain to be 
disclosed. Thus, the biochemical changes that occur in testis and sperm and that go along with 
aging will be on the spotlight for the next decades. 


Nowadays, there is a huge investment in reproductive healthcare that is mainly applied in 
assisted reproductive technologies. However, the long-term effects of these treatments and the 
causes for male infertility are not cautioned. Overall, this book discusses all the major topics 
of interest for andrology and mainly presents a focus on the biochemistry of andrology 
without avoiding the debate on the clinical relevance of the discussed topics. This is a fast 
growing discipline and thus, there is a great need to educate and prepare students, scientists 
and physicians for the novel challenges. As scientists working in the field, we felt that most 
books focused on Andrology lack a strong biochemical view on the topics. As biochemists 
working in the field for more than a decade, we gathered our team and prepared a book that 
discusses a large spectrum of topics with high relevance for andrologists all over the world. 
This book will be valuable for all those working on andrology that aim to understand the 
magnificent biochemical control of the male reproductive health. Our team had great pleasure 
preparing this book and we are sure that it will be very useful. 
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Abstract: Andrology has emerged since the 1950’s, when gynecologists started to 
consistently refer to this word. However, in 1891, there was already an editorial in 
JAMA suggesting that andrology could evolve to become an important discipline. It 
was proposed that, as gynecology is a discipline that is focused on the study of genito- 
urinary female system, andrology could emerge as the discipline focused on the genito- 
urinary system of males. For many years, this issue was disregarded and there was a 
long period until the first societies of andrology appeared and establish it in a definitive 
way. This historical affirmation of andrology as a discipline will be briefly presented, 
together with a critical view on some aspects that are still a matter of controversy. 
Reproductive science is a growing discipline that needs economic support from health 
care systems, institutions responsible for funding research, and training centers. There 
was never a greater need for trained and well-prepared scientists and physicians to 
study human reproductive health. Most countries, developed and developing, are 
witnessing unprecedented rates of people seeking for assisted reproductive 
technologies. Decreased sperm quality and male reproductive complications are factors 
that unquestionably contribute to the observed decline in nativity rates. On the other 
hand, even though females have various contraceptive methods available, men are still 
limited. This could be improved if more knowledge on sperm formation, maturation 
and overall testicular physiology arises. In this introductory chapter, we will discuss 
some challenges for the upcoming years in the field of Andrology. 


Keywords: Andrology, Male reproductive tract, Male fertility, Male reproductive 
health. 
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In 1891, a JAMA editorial referred to andrology as a possible specialty with 
difficulties in being established, since it was causing some controversy among the 
genito-urinary surgeons [1]. Nevertheless, it is usually considered that andrology 
was firstly used with authority by the gynecologist Dr. Harald Siebke from the 
University of Bonn in 1957 [2]. Although there was great controversy among 
some physicians, the first step to establish andrology as a valid specialty was 
taken when the Congress of American Physicians and Surgeons formed the 
section of Andrology. This decision was welcomed by many researchers and 
physicians. Andrology established itself as a growing field of research with 
potential to rapidly develop into a mandatory discipline to evaluate men’s quality 
of life and health. After this, it developed within the field of dermatovenereology 
and gained great interest from several important researchers. Validation also came 
from the German Society for the Study of Fertility and Sterility that 
acknowledged andrology as part of its activities in 1958. Though, it was only in 
1970 that an international committee of andrology was founded in Barcelona. 
Later, several other associations of andrology were formed, including the Nordic 
Association of Andrology (1973), the American Association of Andrology (1974), 
the German Society of Andrology (1975), and the American Society of 
Andrology (1976). This ended up with the formation of the International Society 
of Andrology in 1981. The need for a high level of formation highlighted that the 
training centers should be grouped and thus, in 1992, the European Academy of 
Andrology was formed to gather and establish the guidelines for the training in 
andrology at a European level. Then, all the most relevant societies involved in 
reproductive medicine recognized and gave attention to this specialty, including 
the European Society of Human Reproduction and Embryology (ESHRE). This 
resulted in a rapid development of the discipline in the last three decades [3]. 
Nevertheless, even today, there are few formal board-certified training programs 
in andrology. There is a parallelism between andrology and gynecology taking in 
consideration that the latter is dedicated to the study of the genito-urinary system 
of females, and the former of males. This is of particular relevance because male’s 
fertility and the study of their reproductive system has always been overlooked 
when compared with females, in such a way that the term “diseases of women” is 
used by several physicians to summarize their specialty, while the same is rare in 
the case of men. Even today, the field of andrology is not widely recognized by 
non-experts as a clinical discipline or a research field of great interest like others 
such as gynecology or urology. Thus, public consciousness of the existence and 
relevance of this discipline is also mandatory. In summary, andrology is a young 
interdisciplinary specialty that deals with the male, particularly with the 
physiology and pathophysiology of male reproductive functions and fertility. We 
may go further and state that the main focus of andrology is to provide a diagnosis 
and treatment to males with fertility disturbances. 
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Andrology evolved as a branch of science that deals with male reproduction and 
its disorders, including erectile dysfunction, infertility and sexual development. In 
1969, the first journal “Andrologie” appeared and gave visibility to this emerging 
field of research. A few years later, the “Andrologia” journal further contributed 
to the internationalization of the topic. Initially, the works published were mostly 
focused on the analysis of the ejaculate, particularly sperm morphology. The 
clinicians, veterinarians and biochemists started to publish important information 
on the characterization of sperm and the molecular mechanisms responsible for 
male fertility. Limited analytical methods, at the time, hampered the initial 
findings, but enormous progress was made in the first years of those journals. 
With the advent of molecular biology techniques, omics technologies and 
hormonal knowledge, andrology entered in a new era of findings. We never had 
so much information and ways to study testicular physiology, hormonal network, 
sperm physiology, testicular disorders, and the genetics of the individuals, as we 
have nowadays. It is also important to highlight that andrology emerged as a 
discipline that is forced to cooperate with others, including urology, dermatology 
or endocrinology and thus, it relies on a multidisciplinary work. In addition, 
concerning the fertility of couples and the treatment of childless couples, it is 
pivotal that andrologists and gynecologists cooperate and work together to solve 
the problems beyond the use of assisted reproductive technologies. The diagnosis 
and therapies of couples would greatly benefit from that. Family planning is also 
another important matter that benefits from the joint work of both specialties. 
Nowadays, there are several physicians engaged in andrology and thus, 
universities and research groups focused on this discipline have highly increased 
in the last decades. In addition, there is a high number of scientists, besides 
medical doctors, such as biochemists, veterinaries or biologists that focus their 
research interest in andrology. Training of highly qualified people is still a major 
need, as well as support from funding agencies to explore new methods of 
examination and fundamental research in this field. Basic scientists have also 
greatly contributed to the exponential growth of this discipline, particularly those 
with strong formation on biochemistry, biology, pharmacology, genetics and 
molecular biology. This multidisciplinary approach has allowed a rapid 
advancement in the understanding of the physiology and biochemical events 
involved in male reproduction, from the hormonal regulation to the genetic 
mechanisms responsible for those processes [4, 5]. Nevertheless, the translational 
gap between basic science and clinical practice still hampers some effective 
developments that could be useful to improve male reproductive health. We are 
witnessing an unprecedented need for scientists working on reproductive science. 
In fact, most developed countries present high rates of induced abortion. Notably, 
the oral contraceptive method was introduced in 1960, and some authors alerted to 
the fact that the fundamental biochemical research that served as the basis for this 
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major step in reproductive medicine, was available since the 1920s and 1930s [6]. 
This clearly highlights that there is a need for a major involvement of basic 
researchers on translational andrology and andrologists with interest on 
fundamental research. To encourage both, more funds should be allocated to these 
areas. In addition, pharmaceutical industry should be more engaged to develop 
novel strategies to improve the health care of males. The general public and 
policymakers must be more aware of the need for andrology as an essential 
discipline, and special funds must be allocated to actively seek for the 
improvement of men’s health, including the treatment of disorders (i.e. infertility, 
erectile dysfunction, prostate cancer) and the development of a male 
contraceptive. In addition, there are several societal challenges that should be 
considered, including the fact that men are becoming fathers later in life. As the 
age of father increases, there is a higher risk for miscarriage or disease in the 
offspring. Another important issue to be considered is the epigenetic information 
that can be passed along generations [7]. 


How genetic and environmental factors limit sperm quality and overall male 
reproductive health should be on spotlight for the next decades. It is of paramount 
importance to understand those mechanisms and to identify targets to either 
counteract deleterious effects or to develop a male contraceptive. The pandemic 
incidence of metabolic diseases and wrong dietary habits are also key factors that 
are now gaining momentum concerning their effect on the male reproductive 
health. Thus, physicians, biochemists and basic researchers should also join their 
efforts to study the mechanisms of action by which those factors may limit male’s 
fertility. 


There is a need for a holistic view of andrology, as an interdisciplinary medical 
specialty that may evolve even further with a biochemical approach. In addition, 
the initial problems of the discipline, such as erectile dysfunction or ejaculatory 
dysfunctions, developed to more dramatic issues in the worldwide trends of 
ageing male, including neoplastic diseases of the prostate and testis. We may 
postulate that andrology is still a field with a great margin of progress with the 
implementation of a multidisciplinary approach. This book aims to contribute to 
further understand this field of research from a biochemical point of view. 
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Abstract: In multicellular organisms, and particularly in mammals, both gonadal and 
germ cell development are essential for the transmission of genetic information to the 
next generations. The testes are paired ovoid organs located inside the scrotum but 
outside the abdominal cavity. They have two major functions: spermatogenesis and 
steroidogenesis. The former corresponds to the production of male gametes, 
spermatozoa; the latter, to the production of hormones that will influence 
spermatogenesis and consequently male reproductive function and health. The male 
and female reproductive organs have the same precursor tissues. Initially, the embryo 
has a bipotential gonad which may have a testicular or ovarian fate. Accordingly, 
Miillerian ducts form the uterus and fallopian tubes in females and Wolffian ducts form 
the epididymis, vas deferens, and ejaculatory duct in males. On the other hand, male 
sex determination is triggered by sex-determining region Y (SRY), which is located on 
the Y chromosome and works as a master regulator, initiating SOX9 expression. The 
latter causes urogenital development, a highly complex process, through a complex 
cascade of transcription factors and signaling events. These will promote testis 
differentiation and ultimately the production of hormones that will lead to male 
development and testicular function during adulthood. In this chapter, we will provide 
a brief overview of the testicular anatomy and functional organization, as well as its 
embryonic development. 


Keywords: Genital ridge, Interstitial compartment, Leydig cells, Male 
reproductive tract, Peritubular myoid cells, Prenatal development, Pre-Sertoli 
cells, Sex-determining region Y, Sex differentiation, Testis cords, Tubular 
compartment. 
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INTRODUCTION 


Testes are the primary organs of the male reproductive system. They are central in 
the production of sperm and responsible for the synthesis of male sex hormones, 
fundamental to the normal development of male internal and external genitalia. 
The secondary organs of the male reproductive system support the testes in these 
tasks. Accessory glands produce secretions that constitute the semen. Other 
accessory structures support and nourish the developing germ cells. In addition, a 
network of ducts is responsible for storing and the transport of sperm to the 
female reproductive tract, where fertilization occurs. 


Sexual and asexual reproduction are the two basic processes through which 
organisms reproduce. In the first, a male and a female are needed and each one of 
them equally contributes to the formation of the new individual. The egg and the 
spermatozoon will form a zygote, which contains genetic information from both 
progenitors. However, and unlike other processes of embryonic development, sex 
determination is a poorly conserved event among the different species, ranging 
from being controlled by environmental factors to being genetically determined. 
In mammals, sex determination is genetically determined at the time of 
conception, with the formation of either an XX embryo or an XY embryo. This 
process depends on the chromosome acquired from the father, X or Y 
chromosome, since the one acquired from the mother is always an X 
chromosome. Male and female reproductive systems are quite different and thus, 
evolve independently although sharing a common origin. Bipotential gonad can 
differentiate into testes or ovaries, depending on the stimuli received. In the male, 
the presence of the testis determining factor shifts the bipotential gonad into a 
testicular fate, leading to the development of the testes. This complex process is 
tightly controlled and involves the action of several different signaling molecules 
and transcription factors. In this chapter, we present the most relevant aspects of 
the male reproductive system anatomy. We also discuss the development and 
differentiation of the testes, from the early stages at the time of conception until 
they are fully developed. 


ANATOMY OF THE MALE REPRODUCTIVE TRACT 


The reproductive system is not essential for the survival of the individual; it is, 
however, required for the survival of the species. It is through the reproductive 
system that new individuals are born; the species are constantly repopulated and 
the genetic code is transmitted over generations. In humans, the sexual 
reproduction is the method used, which has several advantages, namely at the 
level of variability induced by the combination of progenitors genes. This 
variability ensures the evolution of the species throughout time. 
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The reproductive system has some unique features. Unlike any other body 
systems, it is not fully functional at the time of birth, and it requires the action of 
sex hormones around the time of puberty to be fully active and ready to perform 
its purpose. In addition, the gender differences between the male and female 
reproductive system are clearly observed, a fact that does not occur in the other 
body systems [1]. 


Structure of the Male Reproductive System 


The male reproductive system has different structures that can be divided in 
primary and secondary sex organs. In males, the primary sex organs, also known 
as gonads, are the testes. They are responsible for the production of spermatozoa 
and the secretion of sex hormones. The secretion of sex hormones is then 
responsible for the development of secondary sex organs. Surrounding the testes 
is the scrotum, an outpouching of the abdominal wall that protects the testes. The 
secondary sex organs are structures responsible for the nourishment and storage or 
transport of the spermatozoa to the exterior or into the female reproductive tract. 
One of the organs responsible for this transport is the penis. The penis is the male 
organ used in sexual intercourse and can be divided into three structures: the root 
linked to the abdominal wall, the body of the penis that corresponds to the major 
portion of this organ and the glans, also referred as the head of the penis [2]. 
There are other secondary sex organs, such as the epididymis, vas deferens, 
ejaculatory ducts and urethra responsible for the storage, maturation and transport 
of the spermatozoa and others responsible for the secretion of fluids that are part 
of the ejaculate, such as seminal vesicles, prostate gland and bulbourethral glands 
(Fig. 2.1). The sex hormones are also responsible for the development of the 
secondary sex characteristics, that appear during puberty, such as body hair, deep 
voice and development of the Adam's apple (see Chapter 6) [3]. 


Testes 


The testes are the male gonads, paired ovoid organs that are responsible for the 
production of spermatozoa and sex hormones. They are suspended in the scrotum 
by the spermatic cords. Each one is about 4-5 cm long and 2.5 cm in diameter and 
weighs between 14-18 g in humans [4]. Both testes are covered by two tunics. 
The outer tunica is the tunica vaginalis and their visceral layer covers the surface 
of each testis, except where the testis attaches to the epididymis and spermatic 
cord. This tunica is a thin closed peritoneal sac that has origin on the peritoneum 
during the descent of the testes. The parietal layer of the tunica vaginalis covers 
more tissue than the previous one, extending superiorly onto the distal part of the 
spermatic cord. The separation between the visceral and parietal layers is filled 
with fluid, allowing the movement of the testis in the scrotum [1, 3, 5]. 
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Fig. (2.1). Schematic representation of a human testis. The testis is coated by tunica albuginea, and divided in 
lobules. The seminiferous tubules are located inside these lobules, highly coiled and organized. The rete testis 
is responsible for transporting the spermatozoa from the seminiferous tubules into the efferent ducts. From 
this point forward, spermatozoa enter the epididymis where they go through several processes until they are 
ready to leave the male reproductive tract into the female reproductive tract where they are fully maturated. 


The testes have also a tough fibrous outer membrane called tunica albuginea. This 
tunica has characteristic extensions that move to the inside of each testis dividing 
it into testicular lobules. Each of these lobules contains long and highly coiled 
seminiferous tubules that are nearly 80 cm long, if uncoiled in humans. It is inside 
these tubules, considered the functional unit of the testis, that spermatogenesis 
occurs (Fig. 2.1). Here, spermatozoa are produced at a rate of about thousands per 
second. Sertoli cells, which function as a physical support to germ cells and 
nourish their development into sperm, form the seminiferous tubules playing a 
key role in this event. Between these numerous tubules is the interstitial space, 
home to the Leydig cells. As testes are an organ with such important and critical 
functions in male reproduction, it is expected that they are highly irrigated. This 
occurs, and the major supplier of blood are the testicular arteries, which in turn 
derivate from the abdominal aorta. The testicular veins are responsible for the 
drain of the testes. The right testicular vein enters directly into the inferior vena 
cava, while the left testicular vein enters into the left renal vein [6, 7]. The 
irrigation occurs in a similar way in the interstitial space. 


Scrotum 


Scrotum is the major protector of the testes, being located immediately behind the 
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base of the penis and enclosing the testes. It regulates testes position and helps 
maintaining constant temperature for spermatogenesis. In this region, the skin is 
covered by hair and is darker when compared with other parts of the body. 
Depending on the activity of the scrotal muscles, in a balance between their 
contraction and relaxation, the external appearance of the scrotum may vary at 
different time periods. The scrotum is constituted by different types of muscle, 
specifically the dartos and the cremaster. The first is a layer of connective tissue, 
mostly consisting of smooth muscle. The tone of this smooth muscle is 
responsible for the characteristic rugose appearance of the scrotum. The cremaster 
is a thin layer of skeletal muscle that surrounds the testis and the spermatic cord 
found between the external and internal layers of spermatic fascia. These two 
muscles work together in response to temperature shifts moving the testes closer 
or farther from the abdominal cavity and adjusting the heat loss [1, 3]. This 
control is crucial due to the importance of temperature to spermatogenesis. The 
normal temperature of the testes is about 35°C, oscillating 3-4°C degrees below 
normal body temperature due to the contraction or relaxation of these two 
muscles. 


A scrotal septum divides the scrotum into two compartments. This division is 
pivotal to individualize the testes so that in case of an infection the affected testis 
can be removed without interfering with the normal function of the other testis. 
Another characteristic associated with the testes is the fact that the left one is 
suspended lower and has a bigger size when compared with the right counterpart. 


The arteries responsible for the blood supply are the anterior and posterior scrotal 
artery and the testicular artery. The testicular vein is responsible for the venous 
drainage. The scrotal nerves are principally sensory, including the pudendal 
nerves and the posterior cutaneous nerves of the thigh [5, 6]. 


FUNCTIONAL ORGANIZATION OF THE TESTES 


The testes are responsible for the production of the male gametes and male sex 
hormones, which are processes known as spermatogenesis and steroidogenesis 
respectively. These two distinct processes take place in two morphologically and 
functionally different compartments: the seminiferous tubular compartment and 
the interstitial compartment. Despite being anatomically and functionally 
different, these two compartments function closely to one another and they are 
both required in order to achieve the correct parameters in sperm quality and 
production. 


Tubular Compartment 


The tubular compartment is composed by the seminiferous tubules. It is 
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responsible for 60-80% of the testicular volume and contains the germ cells, 
Sertoli cells and the peritubular myoid cells (PMCs). Sertoli and germ cells are 
organized in a highly-polarized system in order to efficiently support the 
spermatogenesis. Adjacent Sertoli cells form tight junctions with each other, 
providing an immunoprivileged microenvironment suitable to the development of 
germ cells. The tight junctions formed between adjacent Sertoli cells establish the 
blood-testis barrier (BTB), responsible for controlling the movement of nutrients 
in the seminiferous tubule [8]. However, there are other types of cooperation used 
between adjacent Sertoli cells to strengthen the BTB, such as ectoplasmic 
specializations and desmosomes [9, 10]. This barrier has the function of “gate”, 
preventing solutes and large molecules from reaching the germ cells and the 
function of “fence”, restricting the movement of proteins and lipids generating 
cell polarity. BTB also divides the seminiferous tubules in basal and apical 
compartments where spermatogonial stem cells and spermatogonia are present in 
the basal compartment whereas spermatocytes reside in the apical compartment, 
showing distinct polarity depending on their location [11, 12]. In addition, Sertoli 
cell nuclei and Golgi complexes are also found in the basal compartment where 
early phagosomes and early processes involved in the development of the 
spermatids are all confined to the apical compartment. However, the most obvious 
form of cell polarity present in the testis is shown in the development of 
spermatids, where the heads of spermatids point towards the basal compartment 
while the tails point towards the apical compartment [13, 14]. 


The testis is divided by a septum of connective tissue into about 250-300 lobules, 
each one containing 1-3 convoluted seminiferous tubules. Generally, there are 
about 600 seminiferous tubules present in the human testis and each one has an 
average length of 30-80 centimeters which varies according to whether they are 
uncoiled. The total length of the seminiferous tubules is, on average, 300 meters 
per testis and 600 meters per man [15, 16]. 


Interstitial Compartment 


The seminiferous tubules are surrounded by PMCs, which have several functions. 
In the male, three or four layers of PMCs surround the seminiferous tubules while 
in mice, a single layer of PMCs is present [17]. In adult testis, PMCs mediate the 
contraction of the seminiferous tubules and, during development of the testis and 
adulthood, they work together with Sertoli cells to deposit the basement 
membrane (composed by laminin, collagen IV and fibronectin) that surrounds the 
seminiferous tubules. This is a critical interaction to ensure a correct 
spermatogenesis and architecture of the seminiferous tubule [18 - 21]. There are 
other functions attributed to PMCs. In rats, these cells where shown to be an 
important part of the barrier function, restricting the entry of substances into the 
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seminiferous tubules [22]. 


Box 2.1 | Summary 


e The gender differences between the male and female reproductive system are clearly 
observed, unlike the other body systems. 


e Testes are the primary sex organs, also known as gonads. They are responsible for the 
production of spermatozoa and the secretion of sex hormones. 


e The secondary sex organs are structures responsible for the nourishment and storage or 
transport of the spermatozoa to the exterior or into the female reproductive system. 


e Spermatogenesis and steroidogenesis take place in two morphologically and functionally 
different compartments: the tubular compartment and the interstitial compartment. 


e The male reproductive system has different functions: a) production of the male gametes, 
spermatozoa; b) transport of these gametes into the female reproductive system through 
sexual intercourse; and c) production of sex hormones, essential to the proper 
functioning of this system. 


The interstitial compartment is located between the seminiferous tubules and is 
filled with Leydig cells, the principal component of this compartment. In fact, 
there are two populations of Leydig cells, the fetal Leydig cells (FLCs) and the 
adult Leydig cells (ALCs) [23]. After birth, FLCs start degenerating and it is not 
yet clear if they give rise to ALCs. On the other hand, ALCs derive from Leydig 
stem cells, capable of self-renewal. These cells develop into Leydig progenitor 
cells, which express a number of factors such as luteinizing hormone receptors 
(LHR) and 3f-hydroxysteroid dehydrogenase (3BHSD) [24]. Further 
differentiation occurs into adult cells that no longer proliferate. In the presence of 
LH, these cells produce testosterone that is fundamental for the establishment and 
maintenance of the secondary sex characteristics and the continuation of 
spermatogenesis [25, 26]. There are other cell types present in the interstitium, 
namely the immune cells (macrophages, T-cells, dendritic cells), where they 
respond according to the stimuli received [27]. From this group, macrophages are 
the most abundant in the interstitium, corresponding to approximately 25% of the 
interstitial cells present in the adult rodent testis [28]. Several studies have shown 
that there is cross-talk between immune cells and spermatogonia, where the 
number of spermatogonia declines after ablation of macrophages [29]. These also 
establish cell junction with Leydig cells, to facilitate an eventual response. 
Besides this, 25-hydroxycholesterol secreted by macrophages is used by ALCs to 
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produce testosterone. Furthermore, cytokines produced by macrophages after 
responding to a stimulus can be used to modulate Leydig cell production of male 
sex hormones [30 - 32]. 


PRENATAL DEVELOPMENT OF TESTES 


Human reproduction requires the intervention of individuals from two genders, 
each of them being characterized by a distinct number of anatomic and genetic 
characteristics. The phenotype of the sex is dictated by the type of gonad that 
develops in the embryo. This event depends on the expression of the sex- 
determining region Y (SRY), located in the male-specific region of the Y 
chromosome that encodes the sex-determining region Y protein (SRY) [33]. The 
presence of SRY leads to a chain of events that culminates in the development of 
the testes (instead of ovaries) from the gonadal primordium [34]. The early 
development of the embryo is similar in both sexes. Only in later stages, the 
difference is manifested by the formation of testes in men or ovaries in women, 
according to the stimuli and genetic information received by the undifferentiated 
gonads [35]. Sex differentiation, characterized by the development of secondary 
sexual characteristics (such as external genitalia), begins when gonads start 
producing sex-specific hormones [36]. In early stages, the embryonic gonad has 
the unique ability to differentiate into one of two fully functional distinct organs, 
thus being called bipotential. 


The pathway that leads to the formation of one or another relies on a tightly 
regulated network of cell signaling molecules and transcription factors [37]. Thus 
the phenotype of sexual differentiation is the result of several consecutive events: 
the appearance of the bipotential gonad, gonad development, production of sex 
hormones and ultimately sex differentiation [38]. 


Sex Determination 


Sex determination refers to the key point where the bipotential gonad, particularly 
the somatic cells, start to differentiate either as Sertoli cells or granulosa cells 
during fetal life. Despite the difficulty of identifying genes involved in sex 
determination, some studies have made clear progresses in that field. Nowadays, 
several genes are already known to play a major role in that process [39, 40]. In 
humans, the presence of the Y chromosome, more specifically of the SRY gene, 
acts as the major male sex determinant, shifting the bipotential gonad towards a 
testicular fate. Several studies have shown that mice or humans carrying point 
mutations or deletions in this gene display an XY female sex-reversed phenotype. 
Moreover, XX mice where a 14-kb genomic fragment of this gene was 
introduced, developed sex reversal, showing that SRY is required to initiate male 
development [41 - 43]. One of the most important events in testis development is 
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the differentiation of pre-Sertoli cells. This event is induced by the expression of 
SRY, which is strictly controlled by several genes. For example, embryos 
homozygous for the boy/girl (byg/byg) mutation show sex reversal due to a 
decrease in the expression of SRY. This mutation is an A to T transversion, which 
causes the appearance of a premature stop codon in the gene encoding for the 
mitogen-activated protein kinase kinase kinase 4 (MAP3K4), making this kinase 
nonfunctional [44, 45]. The decrease in SRY expression is partially controlled by 
growth arrest and DNA damage-inducible gene family 45 (GADD45y), a protein 
involved in several important tasks, such as regulation of growth and apoptosis, 
cell cycle control and senescence [46]. Evidence towards the pattern of GADD45y 
expression shows that it is quite similar to the expression pattern of SRY 
suggesting that they work together in sex determination. This pattern can explain 
why, in mice deficient for GADD 45y, sex reversal is observed due to a decrease in 
SRY expression. However, in these same mice, overexpression of MAP3K4 can 
prevent sex reversal, showing that MAP3K4 is also imperative for sex 
determination [47]. 


Expression of SRY starts in the central region of the genital ridges and occurs in a 
very strict time window. In mouse genital ridges, expression of SRY occurs 
around the 11th day of embryonic development, peaks on the day 11.5 of 
embryonic development and stops around the 12.5 day of embryonic development 
[48 - 51]. SRY binds to steroidogenic factor 1 (SF1), forming a complex that 
triggers the expression of SRY-box 9 (SOX9) in Sertoli cells precursors. SOX9 
expression is upregulated when expression of SRY is already at its highest, around 
the day 11.5 of embryonic development. After a short period of time, SOX9 starts 
downregulating SRY expression, leading to its interruption [52 - 54]. After being 
expressed, SOX9 recruits and activates several proteins that play a key role in 
testis development, such as prostaglandin D synthase (PGDS), an enzyme that 
catalyzes the isomerization of PGH,. This event is particularly important in order 
to create a feedforward loop with SOX9, keeping the level of SOX9 high enough 
to ensure the activation of other crucial genes such as fibroblast growth factor 9 
(FGF) and SF1 [55, 56]. 


SRY and SOX9 are members of the SOX family of developmental transcription 
factors that contain an amino acid motif commonly known as high mobility group 
(HMG-box) domain. This HMG-box is a DNA binding domain and is highly 
conserved among eukaryotes. SOX9 (and other transcription factors that are a part 
of this family) bind to the minor groove in DNA [57, 58]. The SOX transcription 
factors were first identified based on the molecular conservation of the 79 amino 
acid HMG DNA binding domain present in the SRY and their ability to bind to 
DNA in the minor groove region [59]. This highly conserved domain allows SRY 
and the SOX family of proteins to bind to the DNA sequence A/TA/TCAAA/TG 
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with high affinity [60]. Several mutations found in human patients showing sex 
reversal (male to female) have been associated with the inability of SRY to bind 
to DNA [61, 62]. Additionally, SRY mutations in the nuclear localization signal 
present in the N-terminal end of the HMG-box can cause a reduction of nuclear 
importation, which can be the explanation for some cases of sex reversal [63, 64]. 
As referred before, one of these two genes individually can promote testicular 
differentiation. Several studies have shown that a SOX9 transgene can promote 
testicular differentiation instead of SRY [65 - 67]. XX individuals who possess an 
extra copy of SOX9 develop as male even though they have no SRY [68]. Those 
results suggest that the primordial function of SRY in male development is the 
upregulation of other transcription factors, such as SOX9. Other possibility is 
linked with the fact that the SOX9 transgene could activate other SRY target genes 
required to induce male development making SRY meaningless for the testicular 
development. There are several genes involved in the pathway following the 
activation of SRY, however it is not yet clear if the activation of SRY is strictly 
required for the activation of these genes or if SRY is only required for the 
upregulation of SOX9 [69]. 


Other genes are known to be involved in early stages of sex determination, 
including NR5A/ (encoding SF1), GATA4 (GATA-binding protein 4) and NROB1 
(encoding DAX1, dosage-sensitive sex reversal, adrenal hypoplasia critical 
region, on chromosome X, gene 1) [70 - 72]. The presence or the absence of one 
of these genes results in significant changes in the sexual differentiation of an 
individual. For example, mice where SFI is not present manifest a phenotype 
where one or both gonads are not formed, due to an improper gonadogenesis [73]. 
SF1 is linked with the transcriptional regulation of genes that encode several 
hormones involved in the hypothalamic-pituitary- gonadal axis [74]. SF1 is also 
essential to maintain the bipotential gonad and while its expression decays in the 
XX genital ridge of mouse embryos, in XY mouse embryos SF1 stays expressed. 
SF1 expression is essential in both Sertoli and Leydig cells. In Sertoli cells, SF1 
works together with SOX9 and increases the level of transcription of Anti- 
Millerian hormone, essential for the degeneration of the Miillerian ducts. In 
Leydig cells, SF1 activates genes that will result in the production of testosterone 
[75, 76]. 


Development of the Bipotential Gonad 
Formation of the Genital Ridge 


In human embryos, the gonadal precursors appear on the 32™ day of embryonic 
development while in mice they appear earlier, on the day 10.5 of embryonic 
development. Unless the differentiation process starts, it is not possible to observe 
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any morphological differences between male and female genital ridges [77]. 
Unlike other organs, like the lung primordium that can only differentiate into 
lung, the gonadal primordium can either differentiate into testes or ovaries. Before 
differentiation occurs, the mammalian gonad has an undifferentiated or bipotential 
stage and at this point it has neither male or female characteristics [78]. On the 4" 
week of embryonic development, the urogenital ridges appear as two raised edges, 
parallel to the midline of the body, in the posterior abdominal wall. This 
urogenital ridge arises from the intermediate mesoderm that generates the 
urogenital system (the kidneys, the gonads and their ducts) [79]. It develops 
sequentially into three sets of tubular nephric structures: the pronephros, the 
mesonephros and the metanephros. The pronephric tubules and part of the 
pronephric ducts degenerate, while the more caudal portions persist and function 
as an embryonic kidney, precursor of the adult kidney. The remnants of this 
structure form the Wolffian duct. While this occurs, the middle portion of the 
nephric duct induces the formation of the mesonephros that, similarly to the 
pronephros, has a brief existence. However, it has important functions such as 
being the source of hematopoietic stem cells and in male mammals, some of these 
tubes remain and differentiate into the adult vas deferens and efferent ducts. The 
metanephros is the result of several interactions between epithelial and 
mesenchymal components of the intermediate mesoderm [80 - 82]. Parallel to the 
development of the kidney, the gonadal primordium appears in the intermediate 
mesoderm around the 4" week of embryonic development and remains sexually 
undifferentiated until the 7" week of embryonic development. The more lateral 
portions of the gonadal primordium form the mesonephric ridge, while the medial 
portion of the gonadal primordium is constituted by coelomic epithelium and 
forms the genital ridge. During the indifferent stage, the coelomic epithelium in 
the genital ridges goes through proliferation and thickening, expanding into the 
coelomic cavity. This proliferation causes the invasion of the subjacent 
mesenchymal tissue [83]. At this point, primitive sex cords are formed and remain 
connected to the surface epitheltum. An important player appears in this moment, 
laminin. The production of laminin, a glycoprotein that is the major structural 
component in the basal lamina of most cells, increases in the genital ridge, as the 
coelomic cells proliferate [84]. This glycoprotein seems to be essential for the 
ensuing germ cell colonization. At this point, the cell types of the genital ridge are 
equally capable of originating testes or ovaries. Here, SRY plays a key role 
triggering the male development leading to the development of the testis and male 
reproductive tract. Without interference from the SRY gene and the interference of 
other genes such as RSPO/ and the WNT gene family, the pathway of events will 
lead to the formation of ovaries [85]. It is important to bear in mind that the 
development of a testis or an ovary involves different molecular regulation 
pathways that antagonize each other [86 - 88]. 
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The expression of a single gene, SRY, located on the Y chromosome, is the 
primary responsible for male determination [89]. It occurs in the gonadal 
blastema, with the coelomic-derived somatic cells, which are called supporting 
cells, being responsible for it [49]. Several studies have shown that a large part of 
this group of cells is originated from the coelomic epithelium situated above the 
genital ridges. However, the mechanism by which these cells enter the gonad is 
not clear [90]. It is known though that SRY is activated in the genital ridges only 
after these cells fully colonize the gonad, showing that their migration cannot be a 
consequence of the SRY expression [49]. The latter begins in the middle of the 
genital ridges with consecutive expansion to the anterior and posterior poles. 
After this, SRY expression stops in the anterior and central regions, being only 
expressed in the posterior region until it completely disappears from the genital 
ridges [91]. 


One of the major events in testis differentiation is the formation of the testis cords, 
which transforms the genital ridge into a highly-structured organ. Testis cords are 
specialized tubular structures and its formation is fundamental to the structure and 
function of the testis. They are originated from the sex cords and after sexual 
differentiation, particularly SRY expression, they differentiate into testis cords. 
Once this formation starts, the fate of the bipotential gonad is settled and the male 
sex determining pathway has overcome competitive signals trying to push the 
bipotential gonad into an ovarian fate [92]. This formation occurs between the day 
11.5 and day 13.5 of embryonic development in mice, being that on the day 13.5 
of embryonic development the number of testis cords developing into 
seminiferous tubules is defined. Testis cords facilitate the sheltering of germ cells 
from external signals. It is inside these structures that, in adult life, mature 
spermatogonia are nourished and given support to develop into spermatozoa, 
which are then guided throughout the male reproductive tract [93]. They are 
responsible for separating the two main functions of the testis: spermatozoa and 
androgen production. Moreover, they act like a shield that protects the gonocytes, 
also known as prospermatogonia, from retinoic acid, known to trigger meiosis. 
This protection is crucial to ensure that the onset of meiosis in male germ cells is 
delayed until after birth [94, 95]. Lastly, they are important in later stages of 
reproduction, as they play a role in the transport of the mature sperm from the 
testis. The formation of the testis cords involves the organization of pre-Sertoli 
cells and prospermatogonia into testis cords, which will in turn develop into the 
seminiferous tubules. Initially, both types of cells are evenly distributed in the 
genital ridge but shortly after, clusters of pre-Sertoli cells are formed and start to 
surround the germ cells. This aggregation occurs after SOX9 activation. SRY is 
initially activated in the center of the testis cords which leads to SOX9 expression 
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and subsequent FGF9 expression. In the center of the testis cords, a positive- 
feedback loop between SOX9 and FGF9 is established, resulting in the formation 
of testis cords. In the pole regions, SRY starts to be activated after being activated 
in the center with a delay of approximately 4 hours. This SRY expression properly 
initiates SOX9 expression. At the same time, FGF9 is already expressed in the 
central domain, and is expected to diffuse towards the anterior and posterior 
poles. This diffusion of FGF9 towards the poles helps the establishment of a 
positive-feedback loop for SOX9 expression in the poles that maintain SOX9 
expression, recruitment of precursor cells and proper testis cord formation in the 
entire gonadal area [96, 97]. From this point, the development of the clusters of 
pre-Sertoli cells into the future seminiferous tubules depends on the migration of 
endothelial precursor cells from the mesonephros [98, 99]. The endothelial 
precursor cells detach from the mesonephric plexus and invade the developing 
XY gonad, creating the characteristic coelomic vessel on the surface of the gonad. 
While this happens, smaller vessels originated from the coelomic vessel are 
formed in the interstitium of the testes. Vasculature is also a key process to a 
correct formation of the testis cords since its development is disrupted in cases of 
absence of the vasculature [100]. At this stage, testis cords start growing and are 
surrounded by PMCs that along with pre-Sertoli cells, deposit in the basement 
membrane, causing the remodeling of testis cords and his vasculature [101, 102]. 
PMCs contribute to the formation of the basement membrane and initiate the 
polarization of pre-Sertoli cells. The interaction between pre-Sertoli cells and 
PMCs leads to the production of various extracellular matrix proteins such as E- 
cadherin and P-cadherin [20, 103]. After birth, prospermatogonia develops and 
differentiates into spermatogonia [104, 105]. 


In human embryos, the precursors for male and female reproductive systems are 
both initially present in the mesonephros [106]. The precursors of the male duct 
system are the Wolffian ducts, while the precursors of the female system are the 
Miillerian ducts. Only one of these two ducts will advance further in development, 
depending if a testicular or ovarian differentiation has begun [107]. In the male 
gonad, the Wolffian ducts appear in small and short-term segments within the 
pronephros, developing to a stable and continuous tube on the urogenital ridge 
[108]. 


Pre-Sertoli Cell Differentiation 


SRY expression upregulates SOX9 expression in the supporting cells, which then 
start being referred as pre-Sertoli cells. SOX9 and SRY share a similar expression 
pattern, being firstly expressed in the middle of the genital ridge and then in the 
anterior and posterior poles [97, 109]. The sole expression of SRY is not always 
sufficient to upregulate SOX9 expression. In fact, a minimum level of SRY 


Testis Physiology Andrology: Current and Future Developments, Vol. 1 19 


expression needs to be achieved, within a specific time window, to successfully 
upregulate SOX9 expression [110]. In this case, both SF1 and FGF9 play a crucial 
role in the proliferation of pre-Sertoli cells [111, 112]. After SRY expression 
starts, FGF9 plays a major part in maintaining the required cell proliferation, 
namely the one that leads to the formation of pre-Sertoli cells. This proliferation is 
required for the formation of the sex cords [113, 114]. The expression of SRY 
upregulates the expression of SOX9 that in turn, directly or indirectly upregulates 
FGF9 expression. Consequently, FGF9 upregulates SOX9 expression creating a 
positive feedback loop that maintains the high levels ofSOX9 required to induce 
testicular development [92]. Studies in mice lacking the FGF9 coded receptor 
show uncompleted sex reversal, reinforcing the importance of this gene on 
inducing testicular development [115]. Several other genes are activated 
following the activation of SOX9, including the hematopoietic prostaglandin D 
synthase (PGDS) that promotes the nuclear translocation of SOX9 to induce 
Sertoli cell differentiation. These cells will then produce the anti-Miillerian 
hormone that binds to its receptor and promotes regression of Miillerian ducts 
through the induction of apoptosis [75, 116, 117]. 


Sertoli somatic cells function as a support to germ cells and nourish their 
development into sperm [118]. They are the first cells that differentiate from the 
bipotential precursors and are the first indicator that the gonad has started the 
development of the testis, surpassing the undifferentiated stage (Fig. 2.2). Sertoli 
cells act as the organizing center of testis differentiation, influencing testis cord 
formation, Miillerian ducts regression and the differentiation of a large number of 
cell types like the germ cells, endothelial cells and fetal Leydig cells [83]. Pre- 
Sertoli cells can be defined as nonpolarized, scattered somatic cells that express 
SRY and SOX9, while Sertoli cells are polarized, have a fixed location within the 
testis cord and express SOX9 [119]. The final number of Sertoli cells is an 
indicator of the fertility capacity of the male, the higher the number of Sertoli 
cells the higher the number of germ cells they will support in adulthood [120]. 
While the differentiation of Sertoli cells is occurring, the gonad undergoes some 
changes due to the expression of SRY [121]. These changes result from an 
increased proliferation and migration of cells from the adjacent mesonephros and 
lead to an increase in the size of the gonads [122]. 


Primordial Germ Cells 


In contrast to the somatic cells of the fetal testes, the primordial germ cells do not 
arise from the genital ridges or the mesonephros. In fact, these cells originate far 
from their final destination, within the proximal posterior epiblast and in an initial 
phase of the testicular development. Indeed, they start forming cell clusters 
around the 6" day of embryonic development [123]. This process is mainly 
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controlled by a growth factor secreted by the extraembryonic ectoderm, bone 
morphogenetic protein 4 (BMP4), which in turn activates the expression of 
PRDM14 (PR domain 14) and BLIMP] (encoding PR domain zinc finger protein 
1, PRDM1). These, along with TFAP2c (encoding Transcription Factor AP-2 
Gamma) were shown to play a key role in primordial germ cell specification 
[124]. Around the 3" week of embryonic development, they are scattered in the 
extraembryonic mesoderm that covers the posterior wall of the yolk sac [125]. 
Primordial germ cells have an ovoid shape, with a diameter between 12 and 14 
um and present a round nucleus. Due to their intense reaction to alkaline 
phosphatase, these cells are easily detected [126, 127]. Around the day 7.5 of 
embryonic development, primordial germ cells migrate from the posterior 
primitive streak to the developing embryonic endoderm (hindgut). Between the 
day 8.5 and day 10.5 of embryonic development, the hindgut invaginates into the 
soon-to-be abdominal cavity, towards the future genital ridges [128 - 130]. These 
migration events involve the interaction of several factors expressed by the genital 
ridges and by the primordial germ cells along with a large number of extracellular 
matrix proteins [131, 132]. After these successful migrations, genital ridges 
become colonized by the primordial germ cells, a process that involves the 
expression of E-cadherin and the interaction of the primordial germ cells with the 
rich laminin network produced by the coelomic cells [103]. The eventual failure 
of these germ cells to reach the genital ridge results in lack of gonad development. 
Once these processes of migration and colonization are complete, germ cells lose 
their motility and their polarized morphology and start associating with each other 
(Fig. 2.2) [133]. 
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Fig. (2.2). Stages of testicular development. The undifferentiated gonad contains a pool of germ cells and 
somatic cells. After SRY expression, Sertoli cells start to proliferate and differentiate, organizing themselves 
into testis cords. Peritubular myoid cells also differentiate and, along with Sertoli cells, surround germ cells 
and deposit the basement membrane, causing the remodeling of testis cords and constituting the 
prespermatogenic testis. In the interstitium, Leydig cells secrete testosterone which is essential for 
spermatogenesis. Once every cell lineage is differentiated spermatogenesis occurs leading to the formation of 
the spermatozoa and testes are considered spermatogenic since they are fully functional. Abbreviations: SRY 
(sex-determining region Y). 
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Leydig Cell Development 


Leydig cells were first discovered in 1850 by Franz Leydig. Nevertheless, the 
origin of Leydig cells has not yet been fully understood. Although there are 
several hypotheses, none fully explains and supports the origin of these cells. 
They differentiate in the second compartment of the testis, the interstitium and are 
often located near the blood vessels due to their role, the production of androgens 
for the fetal masculinization. These cells are considered the FLCs and it is thought 
that they degenerate postnatally. FLCs are responsible for the production of the 
androgens involved in the promotion of several mechanisms of the secondary 
sexual development in the fetus, in a process that started being deciphered long 
ago [134, 135]. These mechanisms comprise the development of the Wolffian 
ducts and external genitalia, testicular descent, and sex-specific brain patterning 
[136 - 140]. 


Fetal Leydig Cell Origin 


Human Leydig cells are thought to differentiate from multiple progenitor cells. 
Early adreno-gonadal precursor cells seem to be in the origin of FLCs [141 - 143], 
and these may share these precursors with both, Sertoli and PMCs [36, 144]. Due 
to their common origin, it is suggested that adreno-gonadal precursor cells 
contribute to the FLCs progenitor population when genital ridge is formed [143]. 
However, the accurate origin of FLCs is still unknown [144]. After the occurrence 
of sex determination, the male genital ridge starts differentiating into the testis 
cords and the interstitium. In the latter, the pool of progenitor FLCs population is 
stored and other interstitial somatic cells such as fibroblasts. Several types of cells 
are found in the testicular interstitial compartment, the local of origin of FLCs, 
such as transcription factor MafB (MAFB) positive cells that migrate from the 
coelomic epithelium and MAFB and/or vascular cell adhesion protein 1 
(VCAM1) positive cells that originate in the gonad-mesonephros border [145 - 
147]. Additionally, the vasculature invasion in the interstitial space has a key role 
regulating the migration and expansion of interstitial progenitor cells in the 
developing testis indicating that these cells are prone to contribute to the 
interstitial progenitor pool where FLCs progenitors are included [100]. In 
summary, FLCs are derived from multiple and different cell types from the 
coelomic epithelium progenitor cells and are influenced by vasculature invasion. 


FLC population is established relatively late during the formation of the testes: on 
the 14" day of embryonic development in rats, 12" day of embryonic development 
in mice, and on the middle of the 7" week of embryonic development in humans 
[148]. The increase in the FLC number was linked to the increase in plasma 
testosterone during the embryonic and early fetal period [149] illustrating a 
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possible relation between these two events. Differentiation from progenitors into 
FLCs is thought to occur during the 8" week of embryonic development until the 
14" week of embryonic development in the fetal human testes [150]. Leydig cells 
proliferate and gradually differentiate, attaining a development peak on the 19" 
week of embryonic development [24, 150]. Upon differentiation, the main 
function of FLCs is the production of androgens that mediate the masculinization 
of XY embryos [24, 36, 151]. FLCs are capable of producing androstenedione, 
but not testosterone, because they lack 17$-hydroxysteroid dehydrogenase. 
However, androstenedione can be converted to testosterone by fetal Sertoli cells, 
since they express that enzyme [152, 153]. This interplay between FLCs and 
Sertoli cells results in testosterone production, which is of extreme importance in 
fetal testes [154]. However, the cooperation between these types of cells in fetal 
testes does not end here. FLCs are able to produce Activin A, a member of 
transforming growth factor- (TGF-B) protein superfamily, which regulates 
Sertoli cell proliferation and, in turn, modulate testes cord expansion [155]. 


Fetal Leydig Cell Differentiation 


The differentiation and function of FLCs is subjected to a tight regulation by 
specific genes and signaling proteins. Sertoli cells are responsible for coordinating 
the testis cord formation after sex determination, an event that coincides with 
FLCs differentiation. In fact, differentiation of FLCs occurs under the intervention 
of Sertoli cells, which provide cell-derived factors [148, 156 - 158] and were 
reported to release pivotal factors in the differentiation of these cells. Some of 
them are promoting factors, such as KITL (KIT ligand, essential to ALCs survival 
and growth) and DHH (Desert Hedgehog, a member of the DHH/PTCH1 signal 
pathway that triggers FLC differentiation) while others are inhibiting factors, such 
as Anti-Millerian hormone, functioning as a negative modulator of FLC function 
and Wilms’ tumor 1 (WT1), leading to the failure of the differentiation of FLCs 
into ALCs [159, 160]. The platelet-derived growth factor (PDGF) is also a fetal 
Sertoli cell secretion that was shown to be vital for FLCs ontogeny [36, 144, 157, 
161]. In addition, two other Sertoli cell-secreted peptides that have long been 
suggested to be involved in the regulation of Leydig cell function are TGF-B and 
insulin-like growth factor I (IGF1) [162]. Interestingly, upon differentiation, 
function of FLCs seems largely independent of Sertoli cells, but also of germ and 
PMCs [163]. 


Besides Sertoli-cell released factors, there are several FLC progenitor factors that 
are known to modulate FLC progenitor formation and consequently FLC 
differentiation. Again, some of them are promoting factors such as SF1, DAX1 
and GATA4 while others are inhibiting factors such as NOTCH [164 - 167]. 
Nonetheless, FLC derived factors also play an important role in the regulation of 


Testis Physiology Andrology: Current and Future Developments, Vol. 1 23 


FLCs differentiation. Several of them are known, like SF1, IGF1 and myocyte 
enhancer factor 2 (MEF2) [168 - 170]. The development of FLCs is not a 
separated process from the rest of the testis development, it occurs in syne with 
testis cord formation, Sertoli cells differentiation and proliferation and male 
vasculature development, with each one of them influencing and modulating 
FLCs differentiation process. 


Fate of Fetal Leydig Cells 


The fate of FLCs was subject of some controversy. Some stated that they would 
disappear after birth [141], while it was later suggested that they would persist 
into early postnatal life as a subpopulation of Leydig cells within the testes. It is 
now accepted that FLCs persist in adult testes, accounting for about 20% of total 
Leydig cells present [171], although they undergo a gradual process of atrophy 
[172 - 174]. These FLCs that remain in the adult testes are hydroxysteroid 17-beta 
dehydrogenase 3 and hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid 
delta-isomerase 6 negative, showing that they cannot produce testosterone, which 
further indicates that ALCs are in fact the only steroidogenic cells able to produce 
testosterone in adult testes [171, 175]. TGF-B, anti-Miillerian hormone (AMH), 
and gonadotropin-releasing hormone (GnRH) are signaling molecules that have 
been proposed to be involved in the degeneration of FLCs in rodents [159, 176]. It 
is a fact that androstenedione-producing Leydig cells are gradually replaced by 
testosterone-producing ones during postnatal development [158, 174], but the 
mechanisms involved and actual fate of FLCs remain far from being fully 
understood [144]. 


After birth, a second population of Leydig cells arises, peaking around the second 
to fourth month [177, 178], coinciding timewise with transient activity of the 
hypothalamic-pituitary-gonadal axis [179, 180]. The function of these neonatal 
Leydig cells is, however, largely undiscovered, although it was suggested that 
their short promotion of testosterone synthesis would be linked to brain 
development and central nervous system activity [148]. 


Postnatally, ALCs gradually replace FLCs, although the first do not originate 
from the second [171, 181]. The lineage of the ALCs includes Leydig cell 
progenitors, immature Leydig cells and ALCs [182 - 184]. In the postnatal testes, 
interaction with other cells present in the interstitium, namely macrophages and 
PMCs, concurs to the development and differentiation of arising ALCs [148]. 


Firstly, Leydig cell progenitors are formed postnatally from active proliferation of 
fibroblastic mesenchymal-like stem cells, in the testicular interstitium [183, 185]. 
Then, progenitor Leydig cells differentiate into immature Leydig cells, and, 
during puberty, ALCs differentiate from immature Leydig cells present in the 
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peritubular interstitium. A peak of ALCs population is achieved by the end of 
puberty [186]. 


Box 2.2 | Summary 


e The presence of the Y chromosome, more specifically the SRY gene, acts as the major male 
sex determinant, shifting the bipotential gonad towards a testicular fate. 


e SRY, SOX9 and FGF9 establish a positive feedback loop that maintains the high levels of 
SOX9 required to induce testicular development. 


e Before differentiation occurs, the mammalian gonad has an undifferentiated or bipotential 
stage and at this point it has neither male nor female characteristics. 


e The formation of the testis cords, which transforms the genital ridge into a highly-structured 
organ is a major event in testis differentiation. 


e Testis cords have several functions, such as, in adulthood, nourish mature spermatogonia 
and give them support to develop into spermatozoa, which are then guided through the male 
reproductive tract. 


e Fetal Leydig Cells are responsible for the production of the androgens involved in the 
promotion of several mechanisms of the secondary sexual development in the fetus. 


CONCLUDING REMARKS 


Testicular development is a complex process that depends on the expression of 
SRY gene, located in the Y chromosome, and on the expression of other genes 
located on the autosomal genes. Around the 4" week of embryonic development, 
the urogenital ridge arises, further transforming into the bipotential gonad. At this 
stage the gonad can either differentiate into testes or ovaries, depending on the 
stimuli received. If SRY expression occurs, the gonads start differentiating 
towards the testes. This process is marked by the differentiation of coelomic- 
derived cells into pre-Sertoli cells, forming the sex cords, the precursor of testis 
cords. These cords are surrounded by PMCs. Hormones also play an important 
role, with testosterone causing testicular maturation, inducing the differentiation 
of pre-Sertoli cells and primordial germ cells and the development of other organs 
present in the male reproductive tract. 


Despite the enormous advances on the understanding of testes development and 
function there are several questions that remain unanswered. The origin of some 
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cells types such as FLCs is still under debate and some components, such as the 
PMC lineage and the tunica albuginea, remain poorly described. Also, the factors 
that determine the gonadal size and shape remain fairly unknown. In addition, the 
majority of these studies have been made in mice and the translation to human 
models has not yet been made due to ethical issues. In the future, understanding 
the detailed process and pathways involved in testis development will help to 
better understand some problems that remain a hot topic of research in several 
fields, including studying the disorders of sex development and infertility. 
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Abstract: Within the testes there is a considerable histological diversity, reflected in a 
significant variety of different circumscribed environments and cells. As is always the 
case regarding structures slowly forged by evolution, this translates into meaningful 
differences in the physiology and function for each cell type. Leydig cells are 
essentially known for their steroidogenic potential; Sertoli cells are known for their 
local support to germ cells, and peritubular myoid cells are rapidly transcending a 
simple structural role. They are all known to actively determine and contribute to 
spermatogenesis in some way. Moreover, the physiological interplay between these 
types of cells is known to functionally impact male fertility. However, the specific 
physiological mechanisms by which each cell type governs spermatozoa production are 
not fully accounted for, and pathways underlying the cooperative action of these cells 
in the process are far from being clarified. Increased knowledge regarding the function 
and interaction of these cells could potentially lead to important breakthroughs within 
the contexts of testes disease, infertility and contraception. 


Keywords: Blood-testis barrier, Cell differentiation, Energetic metabolism, 
Hormonal regulation, Leydig cells, Paracrine regulation, Peritubular myoid cells, 
Sertoli cells, Spermatogenesis, Steroidogenesis. 


INTRODUCTION 


The continuous production of competent spermatozoa by sexually mature males is 
a complex, highly regulated multistep process implying an intricate interaction 
between different cooperating cell types present in the testes. Spermatogenesis is 
regulated by a large number of endocrine and testicular paracrine/autocrine 
factors. Classically, the process is perceived as being dependent on interactions 
between somatic and germ cells, involving the coordinated action of three main 
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cell lineages: supporting cells, steroidogenic cells, and germ cells. Therefore, in 
the testes, there is a need for a provision of differentiated cells types, and the high 
rate of cell turnover and differentiation displayed these organs surely is associated 
with that. 


Sertoli cells are viewed as supporting cells in the process of spermatogenesis 
(they are even called “nurse cells” by some researchers). They are morphological 
and physiologically very distinct from all other cells present in the testes, and 
their importance for spermatogenesis ranges from mere physical support, to 
immunoprotection and nutritional support of developing germ cells. Leydig cells 
are mostly recognized as being steroidogenic cells. Therefore, they are known to 
play an important role in the hormonal regulation of the spermatogenic process 
and, furthermore, in ensuring an adequate definition and sustenance of male 
secondary sexual characteristics. Peritubular myoid cells have been relatively 
overlooked regarding their role in spermatogenesis. Other than just a structural 
role in the establishment of the basement membrane, a more active role in the 
process has been lately disclosed, involving relevant paracrine function. These 
three cell types, and their respective importance and involvement in the 
spermatogenic process, will be the subject of this chapter, and the relative location 
and organization of each cell type within the testes can be perceived in Fig. (3.1). 
Aspects related to their functional relationships and interactions that are 
meaningful for competent spermatozoa production will be discussed. Peritubular 
myoid cells, through the establishment of the basement membrane, preclude direct 
physical proximity between Leydig and Sertoli cells. However, despite actual 
mechanical constrictions, these cells were all shown to interact with each other 
locally, through paracrine mechanisms, and these interaction mechanisms have 
substantiated many justified studies. 


LEYDIG CELLS: STRUCTURE AND FUNCTION 


Leydig cells were first characterized in the 1850’s by Franz Leydig, from whom 
they got their name [1]. Leydig cells, located within the interstitial compartment 
of the testes, are arguably the most relevant cell type involved in endocrine 
function of the testes, being the main cells responsible for the synthesis and 
secretion of hormones, namely testosterone in male adults [2]. This important role 
of Leydig cells implies that the normal function of these cells is crucial for the 
reproductive activity of males. Leydig cells produce testosterone under the control 
of luteinizing hormone, which is produced by gonadotropic cells in the anterior 
pituitary gland [3] and binds to G protein-coupled receptors, activating adenylyl 
cyclase and therefore increasing cAMP formation [4]. Testosterone was reported 
to regulate a multiplicity of genes (mostly repressed) in the testes [5]. 
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Fig. (3.1). (A) Schematic representation of a transversal cut of mouse (Mus musculus) seminiferous tubules, 
exposing the location of Leydig cells (outside the tubules), peritubular myoid cells (disposed around the 
tubules, in the basement membrane), and Sertoli cells (inside the basement membrane, in close contact with 
germ cells, at different maturation stages). (B) Actual microscopy image of the transversal cut shown in A), 
where the same cells type elements are also visible. 


Leydig cells have, therefore, an important role in the definition and maintenance 
of the secondary sexual features defining male characteristics, intermediating 
testes development, maintenance of spermatogenesis and general male fertility [6, 
7]. Some of the processes by which testosterone impacts spermatogenesis include 
the sustenance of spermatogonia population, preservation of a functional blood- 
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testis barrier (BTB), completion of meiosis by spermatocytes, establishment of 
adherences between elongated spermatids and Sertoli cells, release of mature 
spermatozoa, and the establishment of the seminiferous tubule lumen [8]. 


Two different populations of Leydig cells are present in mammals. Fetal Leydig 
cells (FLCs) and adult Leydig cells (ALCs) are present respectively in fetal and 
adult testes [9], but they each have particular functions and are modulated by 
different regulatory mechanisms [10]. FLCs and ALCs differ in terms of 
morphology, capability of synthesizing androgen, and response to gonadotropins 
and growth factors [11 - 13]. In morphological terms, FLCs display round to oval 
shapes, presenting abundant lipid droplets. They preferentially aggregate in 
clusters, and are encircled by a basement membrane that is rich in collagen and 
laminin [14]. In turn, ALCs have larger size, and display a round, dense core. 
They also aggregate; however, they are not surrounded by a basement membrane. 
ALCs display higher testosterone synthesis capacity with relation to FLCs [13]. 
FLCs and ALCs differ in their origin, although the nature of this difference has 
not been elucidated yet [6, 7, 15]. Leydig cell differentiation and function has 
been shown to involve several hormones and signaling molecules. In humans, 
FLC population reaches its maximum by the 14" to 18" week of embryonic 
development, while ALC number expands during puberty, remaining roughly the 
same throughout adult life. Besides fetal and adult populations, there is also a 
neonatal population of Leydig cells, that peaks around 3 months after birth, 
making Leydig cell proliferation a “triphasic” process [16]. 


Differentiation of ALCs depends on a diversity of cellular cascades, resulting in 
the modulation of the expression of steroidogenic enzymes and androgen 
receptors, and guaranteeing all the specific steroidogenic machinery involved in 
testosterone biosynthesis [17]. For instance, 5a-androstane3a,17B-diol is the main 
androgen produced by rat immature Leydig cells [18] while ALCs, which unlike 
FLCs express 17B-hydroxysteroid dehydrogenase, predominantly produce 
testosterone [7]. ALCs produce testosterone at about 150 times the production of 
progenitor Leydig cells, and five times the production of immature Leydig cells 
[19]. Androgen generation by ALCs is vital for the maintenance of adequate 
sexual function [20] and spermatogenesis [21]. Besides testosterone, Leydig cells 
are able to secrete other nonsteroidal factors which can potentially influence 
Sertoli cell function, namely B-endorphin and a-melanocyte-stimulating hormone 
[22, 23]. Secretion of insulin-like 3 (INSL3) hormone is another important 
process mediated by ALCs that critically impacts spermatogenesis [24]. 


During adulthood, although maintaining high steroidogenic potential, ALCs 
compose a latent population almost entirely devoid of mitotic and apoptotic 
activities [25]. Later in life, in the aging male, Leydig cell testosterone production 
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is progressively reduced [26, 27]. This decrease is suggested to be a result of 
reduced cell function or of alterations in the pulsatility of luteinizing hormone 
[28]. Some of the mechanisms that may be involved in this reduction of stero- 
idogenic activity by ALCs include the decrease in luteinizing hormone-stimulated 
cAMP production, and possible defects in the expression and/or activity of 
cholesterol transport proteins, steroidogenic acute regulatory (STAR) and outer 
mitochondrial membrane cholesterol-binding translocator protein (TSPO), and of 
steroidogenic enzymes present in mitochondria or the smooth endoplasmic 
reticulum [29 - 33]. Moreover, intracellular redox unbalance should also be 
involved in age-related reduction of testosterone production in Leydig cells [29]. 


PERITUBULAR CELLS: LOCALIZATION AND RELEVANCE 


Peritubular myoid cells are contractile smooth muscle cells that are located 
externally to the basement membrane, forming a layered compartment between 
the germinal epithelium and the interstitial compartment [34 - 36], maintaining 
direct contact with the basal surface of Sertoli cells [37]. From all the cell types 
present in human testes, these cells are probably the least studied ones, therefore 
holding a more obscure role in male fertility [34, 35]. The strategic position of 
peritubular cells within the male reproductive system, guaranteeing relative close- 
ness with other distinctive testicular cell types (Leydig, Sertoli and even germ 
cells) should be a sign of meaningful interaction involving these cells, concurring 
for a successful spermatogenesis. In rodents, peritubular myoid cells surrounding 
the seminiferous tubules form a semi-permeable barrier restricting the entrance of 
small molecules into the tubular environment [38, 39]. In these animals, the 
peritubular myoid cell layer consists of a single cell structure composed of cells 
joined by junctional complexes, while in larger mammals it is composed by 
multiple layers of thin, long, spindle-shaped cells, gathered by extracellular 
connective tissue [34, 40, 41]. Cellular phenotypic differences between inner and 
outer layer cell types have been hinted [40]. The structure surrounding the 
seminiferous epithelium is denominated basal membrane and is composed by the 
peritubular cells and an extracellular matrix mainly dependent on their secretions 
[35, 37, 42, 43]. In humans, fibroblast cells (myofibroblasts) may also be 
components of the outer layers of this structure [40, 41]. Peritubular myoid cells 
present morphological features and express both smooth muscle and fibroblast 
cell-specific markers, namely abundant actin levels (that may be used to identify 
them), but also structural proteins as desmin/vimentin, calponin, and myosin- 
heavy-chain [44 - 46]. Other structural proteins produced by peritubular cells and 
secreted to the extracellular matrix include several collagens (1, M, IV, V, VI, XI, 
XII, XIV, XV, XVI, XVII), fibronectin, laminin, secreted protein acidic and rich 
in cysteine (SPARC), proteoglycan decorin and fibrillin-1 [44, 47 - 49]. 


Basic Aspects of Testicular Cells Andrology: Current and Future Developments, Vol. 1 43 


The view of peritubular cells in the context of male fertility has evolved greatly, 
and they are not still seen as mere structural components, but also as active 
paracrine mediators. Peritubular cells are androgen-receptor positive [34], and that 
may represent a means of feedback communication between these cells and both 
Sertoli and Leydig cells. In fact, the presence of androgen receptors in peritubular 
cells was proven to be essential for normal differentiation and function of adult 
Leydig cells [50], and their importance in a putative regulation of Sertoli cells 
should be implicit, since in specific androgen receptor-knockout (PTM-ARKO) 
mice, Sertoli cell function was found to be impaired, and a 86% reduction in germ 
cells was found [51]. In fact, peritubular cells intimately co-operate with Sertoli 
cells in the development and function of seminiferous tubule, including the 
formation of the lamina propria [42, 52 - 54]. Moreover, peritubular cells were 
suggested to actively participate in the regulation Sertoli cell function, since they 
release PModS (peritubular factor that Modulates Sertoli cell function) [34, 55 - 
59], as well as insulin-like growth factor 1 (IGF 1), basic fibroblast growth factor 
(bFGF), heregulins and transforming growth factor B2 (TGF-B2) [60 - 63]. Also, 
peritubular cells produce several paracrine factors that impact Leydig cell 
steroidogenesis [64], as the aforementioned IGF1 [65], and transforming growth 
factors [53, 66]. In fact, peritubular cell-derived factors were shown to regulate 
testosterone production by Leydig cells in gonadotropin-deficient conditions [67]. 
Examples of other signaling factors produced by peritubular cells include 
interleukin 6 (IL-6), monocyte chemotactic protein 1 (MCP1), glial cell line- 
derived neurotropic factor (GDNF) and nerve growth factor (NGF) and its 
precursor pro-NGF [35, 68 - 70]. 


Moreover, peritubular cells were reported to display pluripotent and steroidogenic 
capacities and could, therefore, represent a reservoir for Leydig cell regeneration 
in men [71]. Also, peritubular cells are anatomically close to spermatogonial stem 
cells and this proximity is thought to have a physiological relevance, since the 
factors secreted by the first were suggested to contribute to the establishment of a 
favorable niche for the second [35, 72]. In fact, peritubular cells were reported to 
secrete chemokines and growth factors essential for spermatogonial stem cells 
maintenance, along with proteins related to cell adhesion and migration, and also 
vasculature development [49]. Peritubular cells also secrete pigment epithelium- 
derived factor (PEDF), which could be important in the establishment and 
maintenance of the avascular nature of seminiferous tubules [73]. This would be 
another way for peritubular cells to regulate spermatogonial stem cell niche, 
which is dependent on testicular microvessels and blood flow [74]. Peritubular 
myoid cells are also important for the transport of immotile sperm [75]. These 
cells are accountable for the creation of irregular peristaltic waves, which propel 
and push forward spermatozoa and testicular fluid towards the excurrent ducts and 
epididymis [34, 76]. The contractile ability of peritubular cells is regulated by 
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angiotensin through specific receptors present in the membranes of these cells 
[77]. Endothelin 1 [78, 79], platelet-derived growth factor (PDGF) [80], prostag- 
landins and neurotransmitters [81, 82], hormones (including sex steroids) [83] and 
vasopressin [84] are factors that were reported to have the potential to modulate 
the contraction of peritubular cells. Peritubular myoid cells were thought to 
originate from the adjacent mesonephros, although their actual progeny remains 
unknown [85]. However, it was more recently suggested that peritubular cells 
may originate from intragonadal cells or from the coelomic epithelium by 
epithelial-to-mesenchymal transformation [86]. These cells initially develop 
during early fetal testes differentiation, shortly after the formation of primitive 
testes cords (13* day of embryonic development in mice [87] or 12" week of 
embryonic development in humans [88]). Peritubular myoid cells proliferate 
extensively after birth [89]. Expression of the characteristic smooth muscle 
protein actin, takes place around puberty in peritubular cells [90]. Peritubular cell 
differentiation is thought to exponentially increase following androgen production 
taking place at the beginning of puberty, and androgens should definitely play a 
critical role in the process [91, 92]. Besides the crucial role in spermatogenesis 
classically linked to an action on Sertoli cells, androgen stimulation of the 
peritubular myoid cells also proved to be essential for normal germ cells 
development [51]. The events elicited by androgens on peritubular cells remain, 
however, obscure [93]. Also follicle stimulating hormone (FSH) is thought to play 
a relevant role in peritubular cell differentiation [90]. Estrogens also seem to 
regulate peritubular myoid cells. This regulation is thought to be mediated by G 
protein-coupled estrogen receptor (GPER), and the importance of these receptors 
is highlighted by the fact that their expression is lost in cases of idiopathic 
infertility [94]. Tumor necrosis factor-a (TNF-a) is also an important regulator of 
peritubular cell function [68]. Peritubular myoid cells possess high cellular 
plasticity that may be reflected in changes in contractile and secretory properties 
[35]. In infertile men, typical phenotypic changes in peritubular cells, namely 
hypertrophy, decreased markers for contractility and accumulation of components 
of the extracellular matrix, were reported to occur [95 - 98]. This contractility 
restrictions may be a disregarded aspect concurring to male infertility [35], 
although it remains to be clarified whether these changes in peritubular cells are a 
cause or just a result of primary events related to the onset of subfertility or 
infertility [48]. Although the basement membrane was suggested to represent a 
physical barrier preventing carcinoma cells to breach the interior of the semini- 
ferous tubules [99], peritubular cells were reported to be sources of several pro- 
invasive factors mediating testicular germ cell tumor progression (namely MCP-1, 
PDGF, IL-6, NGF and IGF) [100]. Therefore, peritubular cells were suggested to 
represent potential targets within testicular germ cell tumor therapies [100]. 
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SERTOLI CELLS AND THE NUTRITIONAL/PHYSICAL SUPPORT OF 
SPERMATOGENESIS 


Sertoli cells are unique polarized epithelial cells that are the main structural 
element of the seminiferous epithelium. Pivotal structural and physiological roles 
have been disclosed for these cells in the male reproductive function. These cells, 
originally described by Enrico Sertoli in the 19" century [101], only represent 3% 
of the population of cells within the adult testes [102] and evidence of their 
critical involvement in competent male fertility is piling up to this day. The use of 
human Sertoli cell in vitro cultures in reproductive-oriented studies has proven to 
be convenient since they may be long-term maintained and display satisfactory 
proliferation rates [103]. Moreover, they have been suggested to represent a 
reliable model to address BTB function [104, 105]. In addition, Sertoli cells have 
also been suggested as an innovative cell source for regenerative medicine. In 
fact, Sertoli cells derived from mesoderm may be converted into multipotent 
neural stem cells [106, 107], opening the way for possible applications in cell- 
based therapies and tissue engineering. 


Sertoli cells assure a number of important functions with pivotal importance to 
male fertility. Those include the nourishment of developing germ cells, the 
establishment of the blood-testis barrier, the integration of hormonal signals, the 
secretion of factors and hormones essential for spermatogenesis, the modulation 
of the apoptosis in germ cells, the phagocytosis of apoptotic spermatogenic cells 
and the production and the control of the composition of the seminiferous tubular 
fluid [108, 109]. 


Sertoli cells are responsible for the compartmentalization of the seminiferous 
epithelium, since they are the responsible for the definition of the BTB, also 
known as Sertoli cell barrier, which physically separates the seminiferous 
epithelium into basal and apical compartments. This structure is decisive for the 
physical and physiological support of the proliferation and differentiation of germ 
cells into mature spermatids, by providing a suitable environment for 
spermatogenesis and for propitiating the establishment of a localized immune- 
privileged environment [110]. The BTB is responsible for excluding many 
molecules present in the interstitial fluids from permeating into the tubular lumen 
[111]. It allows the setting of a protected environment for the majority of the 
auto-antigenic germ cells, since it restricts the access by the immune system to 
these cells, which express singular cell surface and intracellular proteins liable of 
being targeted as foreign antigens [112]. Furthermore, Sertoli cells express several 
immunoregulatory factors able to modulate the activity of testes immune cells, 
guaranteeing a local tolerant environment for those germ cells not sequestered 
inside the BTB [112]. 
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Adjacent Sertoli cells are interjoined by tight junctions, basal ectoplasmic 
specializations, basal tubulobulbar complexes, desmosome-like junctions and gap 
junctions, established alongside in the seminiferous epithelium [113]. These tight 
associations result in the establishment of a barrier that successfully prevents 
molecular movement (especially by large molecules) from the interstitial space to 
the lumen of the seminiferous tubules [38]. Occludin and claudins have been 
suggested to play a pivotal role in the function and dynamics of established Sertoli 
cells tight junctions [114 - 116]. The composition of the BTB is dynamic and 
subject of restructuration at specific stages of the spermatogenic cycle [117]. 


Morphologically, Sertoli cells are polygonal, with irregularly shaped nuclei and 
present filamentous processes of variable length [107]. In their basal side, Sertoli 
cells are in contact with the basement membrane, which plays an important role in 
the maintenance of the seminiferous tubules structural integrity [118]. 
Longitudinally, Sertoli cells acquire a columnar shape that extends towards the 
lumen of the tubules, and are in close contact with the surface of germ cells [119] 
in a very meaningful physiological functional proximity, as will be discussed 
later. Sertoli cells are able to protrude their cytoplasm, encasing germ cells in a 
plastic, dynamic 3-dimensional amoeboid structure, which ensures the support to 
each germ cell [120, 121]. The structural interplay between Sertoli and germ cells 
takes place through several types of ectoplasmic specializations [122 - 126], 
contributing to their structural and physiological entanglement. The physical 
support of germ cells by Sertoli cells is achieved through deposits of extracellular 
matrix components (like collagen and laminin), contributing to these specialized 
junctions. These structures exhibit very well organized cytoskeleton 
interconnections, established between both cells [127]. Desmosome-gap junctions 
are also present in the interface between Sertoli and germ cells, particularly in the 
case of spermatocytes [128]. 


Besides their function as structural elements in the seminiferous epithelium, 
providing the physical support needed for the normal development of 
spermatogenesis, fully differentiated Sertoli cells hold more subtle yet important 
roles in the process. In fact, there is significant evidence compiled over time 
highlighting the pivotal role of Sertoli cells in the production of competent 
spermatozoa. Notably, the presence of germ cells in testes demands the presence 
of Sertoli cells [129]. Moreover, efficient Sertoli cell function is vital for the 
proliferation/maturation of germ cells, and important reproductive hormones 
essential for spermatogenesis in higher vertebrates (FSH and testosterone) were 
found to exert their action on Sertoli cells rather than directly on germ cells [129]. 
The production of competent spermatozoa is a complex multistep process and 
Sertoli cells are essential in the regulation/completion of nearly every step of the 
way. In fact, Sertoli cells provide the nutritional support male germ cells need, 
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through the production and release of regulatory factors and by regulating the 
flow of nutrients, therefore positively defining their development. In this case, 
each Sertoli cell is supposed to support up to 30 to 50 germ cells at different 
stages of development [130]. Taking into account this nourishing action towards 
germ cells, any problem in the maturation or function of Sertoli cells will surely 
constrain the capacity to support germ cell development, and therefore the 
spermatogenic process as a whole. Other than the support of germ cells, Sertoli 
cells are also responsible for the phagocytosis of residual bodies and degenerating 
germ cells [109]. 


The conventional view regarding Sertoli cells was that they were terminally 
differentiated and confined to a defined number by the end of puberty. However, 
this notion has already been questioned [131], as it was demonstrated in hamster 
that the adult population Sertoli cell may be in fact regulated by hormones 
(namely gonadotropins and FSH) [132]. Moreover, there are studies 
demonstrating the ability of Sertoli cells from adult animals, namely mice and 
humans [133, 134], to divide in culture under specific experimental conditions. 
Nevertheless, the dogma stating that Sertoli cell number is defined in the 
prepubertal period persists, given the specificities and scarcity of the defying 
studies. Sertoli cells are the first to differentiate in the undifferentiated fetal gonad 
[135]. They differentiate under the regulation of transcription factors SRY and 
SOX9, but recent research has put the spotlight on the Sox9 gene as the main 
determinant of the differentiation of these cells [6]. Sertoli cells act as organizing 
centers to form the testes cords (future seminiferous tubules), which is a crucial 
event in testes differentiation, ensuring the sequestration of germ cells [136]. 
Inhibitors of neurotrophic tyrosine kinase receptors (NTRKs), expressed by pre- 
Sertoli cells, may be involved in testes cord formation [137 - 140], and fibroblast 
growth factor 9 (FGF9), also secreted by these cells, should also play a role [141]. 
Sertoli cell differentiation will then also have an impact the differentiation and 
function of other somatic cells of the testes [142]. 


Sertoli cells display a significant proliferative ability during both fetal and 
neonatal life. These stages and the peripubertal period are the only phases where 
Sertoli cells are known to proliferate in all species [143]. There are some elicitors 
presumably involved in the proliferation of Sertoli cells, namely intratesticular 
factors and pituitary hormones, such as FSH (a mitogenic factor for neonatal 
Sertoli cells) [144]. The proliferative activity of Sertoli cells may also be mediated 
or influenced by estrogens, since their levels are particularly significant in these 
stages [145]. During puberty, Sertoli cells undergo radical changes [142] and 
mature and immature Sertoli cells greatly differ in terms of both morphology and 
biochemistry [146] (this topic will be discussed in chapter 6). Only when in their 
mature form will Sertoli cells start to define the BTB [147]. Proliferative stages, 
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which define the number of Sertoli cells in adult stages, are thought to determine 
both testes size, sperm output and the number of germ cells in the adult testes 
[129, 142, 148]. During puberty the proliferative activity of Sertoli cells declines. 
At this point, Sertoli cells become elongated, with a large irregular and tripartite 
nucleolus, displaying abundant smooth and rough endoplasmic reticulum [149, 
150]. 


Ever since fetal life, Sertoli cells are known to influence testes development, 
therefore actively determining male phenotype. These cells play a central role as 
drivers of the signaling machinery of testes development [6]. This undeniable 
importance of Sertoli cells in testes development is highlighted by a number of 
supporting evidence. These include the fact that they were shown to be critical for 
maintaining the differentiated phenotype of peritubular myoid cells in prepubertal 
life, for ensuring the maintenance of ALC progenitor population in the postnatal 
testes, and for guaranteeing normal ALC numbers [151]. Moreover, the role of 
Sertoli cells in germ cell differentiation and survival is highlighted by the way 
through which their secretions, namely growth factors and hormones, regulate and 
determine the whole process [152]. Glial cell line-derived neurotrophic factor 
(GDNF), bone morphogenetic proteins (BMPs), stem cell factor (SCF) and 
retinoic acid [107, 153], have been specifically linked to the differentiation and 
survival of germ cells. In fact, a number of several other molecules produced by 
Sertoli cells influence germline development, including activin [154], androgen 
binding protein (ABP) [155], transferrin [156], glycoproteins [157], 
sulphoproteins [158] and PDGF and estrogen, which with TGF-B, were implicated 
in postnatal germ cell survival [159 - 161]. 


Regarding glycoproteins, Sertoli cell secretions include them in quantities that 
may account for up to 15% of total proteins produced by these cells [127]. 
Important proteins released by Sertoli cells have been thoroughly listed by 
Griswold and McLean [162], and information about their physiology allowed to 
divide them into groups. A first category includes transport and bioprotective 
glycoproteins abundantly secreted, and metal ion transport glycoproteins such as 
transferrin and ceruloplasmin. A second group includes various proteases and 
proteases inhibitors, essential for tissue remodeling events taking place during the 
movement of spermatocytes through the BTB and spermiation. A third category 
would include glycoproteins involved in the formation of the basement membrane 
between Sertoli peritubular cells. A final class includes low abundance regulatory 
proteins that act as growth factors, paracrine or endocrine factors [129, 162], 
which are important for germ cell development and survival. Sertoli cells were 
also reported to release bioactive peptides, like prodynorphin, myoinositol [163] 
and nutrients or metabolic intermediates [129, 162]. In fact, the metabolic 
cooperation between Sertoli and germ cells involves the transfer of metabolic 
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products that may include amino acids, carbohydrates, lipids, vitamins, and metal 
ions [127], and this contribution is vital for germ cells to guarantee 
physiologically adequate levels of these compounds. 


Sertoli Cell Metabolism 


Unlike what takes place in the early stages of development, when germ cells use 
primarily glucose as energy source, spermatids display an unusual dependence on 
lactate, probably related with a lower glycolytic potential [164]. This important 
change in the type of substrate required for their energy metabolism implies a 
pronounced metabolic and enzyme machinery alterations, although spermatids 
keep containing all the enzymes of the glycolytic pathway [165]. However, 
mature spermatozoa recover the glycolytic activity, metabolizing fructose but also 
the glucose available in the luminal fluid [164]. 


Sertoli cells are able to metabolize different substrates (such as fatty acids and 
ketone bodies), although they preferentially and actively metabolize glucose 
[166]. Upon cell entry, glucose undergoes a series of multi-step reaction sequence 
in which the first rate-limiting step is the irreversible conversion of fructose- 
phosphate to fructose-1,6-bisphosphate, which is catalyzed by phospho- 
fructokinase (PFK) [167]. The activity of this enzyme represents a crucial 
regulatory point of Sertoli cell metabolism [168]. Pyruvate, the end-product of the 
glycolytic process, may follow three main destinies: it may be converted in 
alanine (by alanine aminotransferase), it may be included in the Krebs cycle, or it 
can be interconverted into lactate (by lactate dehydrogenase). The later path was 
shown to be the most prevalent in Sertoli cells [169]. Robinson and Fritz were the 
first to suggest the metabolic preferences of Sertoli cells, reporting that only a 
small fraction of the pyruvate produced by glycolysis would be used in the Krebs 
cycle, being preferentially converted to lactate. It was later specified that only 
25% of the pyruvate produced from glucose metabolism would be oxidized in the 
Krebs cycle [170]. It is true that both glucose and lactate are present in the 
adluminal compartment, since Sertoli cells release both those substrates from 
specific membrane transporters [171, 172], but lactate was in fact shown to be 
metabolically crucial to developing germ cell fate [171, 173, 174]. 


The importance of lactate supplementation from Sertoli cells to germ cells has 
been documented for a long time [175 - 177]. For instance, it was shown that 
lactate (but not glucose) increased respiration parameters and protein and RNA 
synthesis in isolated spermatocytes and spermatids [175]. Moreover, lactate was 
also reported to play an important role in protein synthesis in germ cells [178, 
179]. An anti-apoptotic action was also proposed for lactate on germ cells (mostly 
in spermatocytes and spermatids) [174]. Hence, even in conditions where 
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extracellular glucose levels are scarce, Sertoli cells seem to be able to optimize 
glucose uptake in order to sustain lactate production [180]. 


Carbohydrate metabolism in Sertoli cells involves a number of transporters and 
enzymes which are susceptible of internal (or external) control. Mechanisms 
regulating lactate secretion by Sertoli cells include the transport of glucose 
through the plasma membrane, which is mediated by GLUTSs, the interconversion 
between pyruvate and lactate, performed by lactate dehydrogenase, and the actual 
release of lactate, which depends on the action of transporters from the 
monocarboxylate transporter family (MCTs) [166]. In Sertoli cells, the rate- 
limiting step of this process of lactate production and export is thought to be the 
facilitated diffusion of glucose, performed by GLUTs [181]. Several GLUT 
isoforms (namely GLUT1, GLUT2 and GLUT3) have been identified in the 
plasma membrane of Sertoli cells [181 - 184], while GLUT8 expression is 
debatable with reports testifying its presence in prepubertal testes [182], while 
others claim that it is limited to spermatids and spermatozoa in the testes [185]. 
GLUT1 and GLUT3 have been suggested to be especially important in glucose 
transport at this level, playing a synergistic role in glucose uptake to assure lactate 
production [181, 186]. As for lactate dehydrogenase, it determines the balance of 
the interconversion between pyruvate and lactate, which in the case of Sertoli 
cells, should favor the production of the later. Finally, lactate supplementation to 
germ cells depends on the activity of MCTs, which assure the flow of the lactate 
produced by Sertoli cells to germ cells. The SLC16A family of MCTs comprises 
14 members, of which only MCTs 1—4 perform lactate transport [187]. 
Specifically MCT1 and MCT4 were reported to be present in Sertoli cells [188]. 
MCTI transporters have a higher affinity for lactate [189] and should also be 
important for the import of lactate by germ cells, which possess them [190]. 
MTC4 has a lower affinity for lactate and is mostly a lactate exporter [188, 191], 
thought to be a decisive player in Sertoli cell physiology [172, 186, 192, 193]. 
Therefore, MCT4 should be responsible for lactate export from Sertoli cells, while 
MCTI1 (and also MCT2) should facilitate lactate import to germ cells [194]. 


Sertoli cell metabolism and, more particularly, lactate production are thought to 
be under the control of FSH [195], epidermal growth factor (EGF) [196], insulin 
and IGF1 [197], paracrine factor P-Mod-S [198], tri-iodothyronine [199], bFGF 
[200], cytokines (TNF, and interleukin-1: IL-1) [173], arachidonic acid [201], 
carnitine [202] and sex steroid hormones [192, 203]. Moreover, Sertoli cells 
should be able to adjust their metabolism, ensuring an adequate lactate 
concentration in the extracellular microenvironment surrounding germ cells, even 
in conditions when glucose levels are scarce [180]. Sertoli cells supposedly 
change their metabolism profile by activating specific signal transduction 
pathways, like the one involving AMP-activated protein kinase (AMPK), which is 
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a key mediator of energy homeostasis in the cell [204]. A decrease in glucose 
medium levels was shown to promote activation of AMPK, increase of glucose 
uptake, and an increase in GLUT1 and a decrease in GLUT3 expression levels 
[180]. Adenosine may be a messenger from germ cells, resulting in activation of 
AMPK, promoting both lactate production and junctional integrity, therefore 
guaranteeing optimal microenvironment conditions for spermatogenesis [205]. In 
glucose-deprived conditions, lactate production may be guaranteed through 
glycogen metabolism. Glycogen was shown to play an important role in testicular 
development, and to be involved in the determination of germ cell survival [206]. 
In fact, the presence not only of glycogen but also of glycogen phosphorylase was 
reported in Sertoli cells [207, 208], and the availability of the machinery 
necessary to metabolize glycogen should be indicative of some importance of 
glycogen to Sertoli cells. However, the actual role of glycogen metabolism and 
the mechanisms underlying its influence in spermatogenesis remain unclear. 


Although glucose represents a reliable energetic source for Sertoli cells, they have 
the machinery to use other substrates, namely amino acids, lipids and even 
glycogen, as we have discussed before, allowing the maintenance of the necessary 
ATP production even in the absence of the primary substrate [109, 170, 180, 207]. 
This is an important feature evidently exposing Sertoli cells metabolic plasticity, 
which allows them to better ensure not only their survival and function but also 
the nurturing of gem cells. Sertoli cells were in fact shown to display the ability to 
adapt their energy metabolism to the oxidative substrates available to sustain their 
role in spermatogenic energetic supply [209]. Glutamine and leucine oxidation 
were suggested to greatly contribute to Sertoli cell energetic pool [170]. Also 
alanine, valine and glycine have been reported to be oxidized in Sertoli cells, 
although the last was described as a poor energetic substrate [209]. Glucose levels 
may modulate the metabolism of these amino acids (namely alanine and leucine 
oxidation), via competition between acetyl-CoA from glucose with the acetyl- 
CoA resulting from amino acid metabolism [209]. Glutamine inhibits the 
oxidation of leucine, valine, and alanine without changing their conversion to 
lipids, although alanine incorporation into proteins was hampered [209]. Despite 
the aforementioned facts, the exact weight of the contribution of amino acid 
metabolism to Sertoli cell energetic balance and lactate production remains, 
however, unquantified. Moreover, although Sertoli cells display reduced capacity 
for its oxidation, glycine participates in crucial functions in Sertoli cells, being 
essential in the synthesis of proteins and phospholipids [209]. Creatine 
synthesized from glycine and arginine in Sertoli cells was suggested to be 
important in the nurturing of spermatogenic cells [210]. This meaningful 
intervention of glycine in Sertoli cell physiology highlights the fact that the role of 
amino acid metabolism in these cells surpasses the strict nutritional support. 
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Sertoli cells are also able to metabolize lipids, and the B-oxidation pathway is in 
fact effective for ATP production [109, 170]. Moreover, these cells are important 
for the conversion of essential fatty acids in testes, and the relevance of Sertoli 
cells in testicular lipid metabolism is highlighted by the fact that, upon injection 
of labeled fatty acids in testes, they are readily and preferentially taken up and 
metabolized by Sertoli cells [211]. Processes including endocytosis, degradation 
of residual bodies and phagocytosis of apoptotic spermatogenic cells are 
significant sources for Sertoli cell lipid recycling and metabolism [109]. The 
importance of lipid metabolism in Sertoli cells is emphasized by the reported 
presence of metabolic enzymes involved in the biosynthesis of n-6 
polyunsaturated fatty acids [212 - 214], and the fact that inactivation of genes 
involved in lipid metabolism may compromise spermatogenesis [215]. 


Another interesting fact is the production of high acetate amounts by Sertoli cells 
[216]. The actual meaning of this significant acetate production remains 
unexplained, but it was suggested that it may be important for sustaining a high 
rate of lipid metabolism, namely lipid synthesis and remodeling, in developing 
germ cells [216, 217]. In this context, acetate, which can be converted to acetyl- 
CoA by acetyl-CoA synthase in the cytosol or in mitochondria [218], could be 
important for cholesterol synthesis and should play an essential role in lipid and 
phospholipid anabolism [219]. 


Another important function of Sertoli cells is the production and the control of the 
seminiferous tubular fluid composition. This extracellular fluid, which composes 
a favorable microenvironment for sustained spermatogenesis progress, is 
produced by Sertoli cells after they reach their mature state and the BTB is 
established [220, 221]. This structure is in fact critical for the maintenance of a 
very stable composition of the seminiferous fluid within its limits [222], 
minimizing solute exchanges that could be elicit unwanted property changes. 
Besides the role in the sustenance of germ cells, the seminiferous tubular fluid 
also participates in other important mechanisms, like the transport of secreted 
products and the movement of newly formed sperm towards the epididymis [223]. 


Despite their unquestionable importance in the nourishing of developing germ 
cells, the fact is that Sertoli cells perform an almost paradoxical role by also 
inducing and modulating apoptosis in those cells [193, 224, 225]. It is thought that 
only 25% of the theoretical number of spermatocytes arise from the primordial 
population of spermatogonia [226]. This represents essentially a regulatory 
process, since Sertoli cells can only support a limited number of developing germ 
cells at a given time, and the ratio of Sertoli to male germ cells must remain 
constant. Therefore an excess number of dependent cells must be eliminated in 
order to ensure that others reach full maturation [109, 227]. Non-viable germ cells 
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must then be duly removed and degraded, and the phagocytic activity of Sertoli 
cells is in fact another important function of these cells [109, 228]. Selective 
phagocytosis of germ cells involves the recognition of specific markers on the 
plasmatic membrane of the residual bodies of those cells [107, 229 - 231]. Viable 
and degenerating germ cells are differentiated by specific antigenic determinants, 
which ultimately define their fate [232, 233]. 


Regulation/Modulation of Sertoli Cell Function 


Regulation of the function and the dynamics of the proliferation and 
differentiation of Sertoli cells is a complex process achieved by a significant array 
of circulating and local hormones and growth factors. Imbalances in this tightly 
regulated balance may result in infertility conditions [143]. Sertoli cells have a 
unique profile of expressed hormone receptors and are the major functional 
targets for the hormonal control of spermatogenesis [234, 235]. Androgens, FSH, 
thyroid hormones, estrogens, insulin, melatonin, FGF, activin, retinoids, relaxin, 
carnitine, arachidonic acid, PModS and IL-1 are known regulators of Sertoli cell 


physiology. 


FSH plays a pivotal role in the control of Sertoli cells proliferation during the 
postnatal proliferation period, determining male reproductive potential [236]. It is 
secreted by the pituitary gland as a response to the presence of gonadotropin 
releasing hormone (GnRH) [237]. Prolactin levels may modulate FSH secretion. 
Specifically, high prolactin levels were reported to inhibit FSH secretion, with 
possible undesirable consequences to male reproductive function [238]. FSH was 
suggested to act through activation of G-protein coupled receptors and f-arresti- 
-dependent signaling [143, 239, 240]. FSH was described to enhance the 
glycolytic metabolism in Sertoli cells, increasing glucose uptake [241] and lactate 
production [173, 179], as well as stimulating lactate dehydrogenase activity [173]. 
It was also shown to impact lipid metabolism in these cells, increasing the 
incorporation of acetate into triglyceride and phospholipids [242]. A mechanism 
proposed for the action of FSH is an increase in the levels of phosphorylated 
protein kinase B (PKB-P), via a phosphatidylinositol 3-kinase (PI3K) dependent 
mechanism [243]. Stimulation of the production and secretion of inhibin B by 
Sertoli cells is another event influenced by FSH. Inhibin B plasma levels are used 
to evaluate Sertoli cell function during childhood, while in adulthood they reflect 
the presence of germ cells, therefore reporting the functional state of 
spermatogenesis [244, 245]. Finally, FSH also promotes the expression of other 
important proteins such as transferrin and androgen receptors [246, 247]. 
Spermatogenesis depends on the critical balance between intratesticular sex 
steroid hormones. Sertoli cells present nuclear specific androgen receptor 
expression patterns that are differently regulated according to the stage of the 
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seminiferous epithelium cycle [248, 249]. Androgen receptors in Sertoli cells may 
be activated by testosterone [250], which is produced by Leydig cells (through a 
luteinizing hormone stimulus) [251], or by its derivative dihydrotestosterone, 
which is produced from testosterone in the prostate and is even biologically more 
active [252]. Testosterone was shown to modulate the fatty acid profile of 
cultured Sertoli cells by controlling the activity of fatty acid desaturases [253]. 
However, most of the effects of androgens are thought to be mediated by 
metabolites of testosterone, namely the aforementioned dihydrotestosterone. 
Dihydrotestosterone was reported to promote glucose consumption in Sertoli cells 
[203], and to impact lactate production and export [192, 203]. A dihydro- 
testosterone-promoted shift from lactate production as a final product to Krebs 
cycle may potentially compromise spermatogenesis [168]. 


Thyroid hormones are also thought to impact Sertoli cell metabolism, changing 
the expression of some proteins and factors [199, 254 - 256]. Thyroid hormone 
receptors were in fact identified in rat Sertoli cells [257], and the proliferation and 
differentiation of these cells is coincident with a marked peak in the plasma levels 
of triiodothyronine (T3) [258]. In addition, Sertoli cell T3 production arrest was 
reported to hinder proliferation and to induce differentiation of cultured neonatal 
rat Sertoli cells [259]. Insulin is another hormone involved in Sertoli cell 
regulation. Insulin receptors have been reported to be present in Sertoli cells 
[260], and insulin has been linked to altered consumption of glucose and lactate 
production [261, 262], altered DNA synthesis and protein expression (namely 
enzymes and transporters involved in the production and export of lactate) and 
glucose uptake (GLUT1 and GLUT3 modulation) [186]. Also, IGF-1 receptors 
are present in Sertoli cells and their inactivation was reported to decrease the 
number of viable Sertoli cells [263]. Melatonin receptors have also been identified 
in rat Sertoli cells [264], and this hormone was shown to increase glucose 
consumption in Sertoli cells, by modulation of GLUT1 expression, and to 
decrease lactate dehydrogenase levels and activity, which reflected in decreased 
lactate production [265]. 


Since they display both aromatase and estrogen receptors, Sertoli cells are not 
only able to produce estrogen, but also susceptible to estrogen modulation [266]. 
Estrogen was in fact shown to impact Sertoli cell differentiation and proliferation 
[145, 267]. Estradiol receptors and G protein-coupled estrogen receptor 1 (GPER) 
were shown to mediate rapid 17ß-estradiol signalling in Sertoli cells [268]. 
Estradiol regulation of Sertoli cell function is probably enforced by modulation of 
transcriptional events that are important for cell function and gene expression, and 
which may impact normal testis development and function, and ultimately male 
fertility [268 - 270]. Estrogen-dependent receptor ERa signalling was reported to 
be determinant for germ cell viability, supposedly through support of the function 
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Other than hormones, Sertoli cells are also susceptible to other stimuli and 
respond to a number of other testicular products and sub-products, which are able 
to elicit autocrine or paracrine responses. bFGF is a testicular germ cell product 
that was implicated in the control of Sertoli cells physiological processes [272]. It 
enhances glucose metabolism and lactate production in Sertoli cells, in a process 
that is thought to be mediated through up-regulation of GLUT1 and lactate 
dehydrogenase A transcript levels and may involve modulation of lactate 
dehydrogenase activity [171]. Additionally, bFGF inhibits steroidogenesis in 
Sertoli cells [273] and is also involved in the intercellular interplay between these 
and peritubular cells [274]. EGF is another factor that has been implicated in the 
regulation of Sertoli cell function. It was reported to be able to impact cell 
metabolism, by modulating the levels of lactate dehydrogenase A [275] and 
stimulating the production of lactate, at least in Sertoli cells from immature rats 
[196]. Another protein, activin A, seems to have an impact in Sertoli cell function. 
Its reduction during puberty has been suggested to promote the differentiation and 
maturation of Sertoli cells in this period [276]. Moreover, the balance between 
activin and inhibin (an endogenous antagonist) is thought to be essential for 
Sertoli cell differentiation [277]. Retinoid signaling pathways are also 
indispensable for Sertoli cell function and differentiation at puberty, although the 
mechanisms involved remain undisclosed [278 - 280]. Also relaxin receptors were 
reported to be present in the adult testes [281]. Relaxin is thought to play a role in 
Sertoli cell proliferation, in a process involving activation of a Gi protein [282]. 


Other modulators of Sertoli cell metabolism include L-carnitine (which alters the 
activity of lactate dehydrogenase, changing the production of lactate and 
pyruvate) [202] and arachidonic acid (which stimulates lactate production, and 
increases glucose uptake, lactate dehydrogenase activity and lactate 
dehydrogenase mRNA levels) [201]. PModS, produced by peritubular cells, 
stimulates Sertoli cell differentiation and inhibin secretion [55, 283, 284]. It also 
enhances Sertoli cell lactate production throughout pubertal development [198]. 
Finally, IL-1 was shown to modulate Sertoli cell metabolism by increasing lactate 
production and lactate dehydrogenase A expression [173, 285], and by raising 
glucose uptake (by modulating GLUT1 expression) [181]. 


Given their entangled physiology, Sertoli cells represent plausible targets for a 
wide range of toxic compounds. In fact, Sertoli cells were reported to be a 
susceptible target of toxicant-mediated reproductive dysfunction, namely resulting 
from the action of several endocrine disruptors and environmental pollutants 
[103]. Sertoli cell-cell and Sertoli-germ cell junctions and the associated actin 
cytoskeleton structures have been proposed to compose a relevant toxicant target 
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[103, 286, 287]. The cytoskeleton of Sertoli cells comprises three main 
components: actin, which is responsible for the establishment of microfilament 
network; tubulin, which comprises the microtubule cytoskeleton; and vimentin, 
which is also an intermediate filament component [288]. 


Other toxicity manifestations in Sertoli cells include different ultrastructural 
changes, such as chromatin condensation or vacuolization of the cytoplasm [289, 
290], or interference with normal cell metabolism. Germ cell apoptosis, 
specifically affecting spermatocytes, is considered a hallmark of toxicant-induced 
injury towards Sertoli cell [120, 291]. In the case of heavy metals (such as 
cadmium or lead), their toxicity towards Sertoli cells is reflected in both 
morphological and biochemical alterations [292 - 294]. Toxicant-induced injury 
may compromise the supportive capacity of Sertoli cells, with consequences to 
germ cell that may include increased apoptosis [120]. Notably, pyruvate and/or 
lactate production was reported has being a key testicular metabolic process 
susceptible of being impacted by environmental factors targeting Sertoli cells 
[295]. That would be the case of some phthalate esters [296 - 298], m- 
dinitrobenzene (DNB) [299], nitrobenzene [300], gossypol [301], polychlorinated 
biphenyls (PBCs) [302] and metformin [193]. In these cases, the reported increase 
in lactate production upon toxicant exposure should reflect a stimulation of the 
glycolytic process and/or inhibition of the Krebs cycle and mitochondrial 
respiration. However, not all reproductive toxicants increase Sertoli cell lactate 
production. In fact, cisplatinum [303], dichlorodiphenyltrichloroethane (DDT) 
[304] and 2,4-dichlorophenoxyacetic (2,4-D) [305] are examples of toxicants 
reported to elicit decreases in lactate production. 


Box 3.1 | Summary 


e Spermatogenesis relies on the presence and cooperative action of a number of 
different, very specific cell types. 

e Leydig cells are primarily recognized for their steroidogenic activity. 

e Peritubular cells have an important structural role, but a relevant paracrine 
function has been progressively ascribed to these cells. 

e Sertoli cells are mainly known for their structural role in the establishment of the 
blood-testis barrier, and for the active nurturing of germ cells. 


CONCLUDING REMARKS 


Leydig cells, peritubular myoid cells, and Sertoli cells, all are able to contribute in 
a fine, specific manner to the whole picture consubstantiating spermatogenesis. 
They are all very different either morphologically, or physiologically, and all 
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these idiosyncrasies end up representing important characteristics supporting the 
spermatogenic process. Despite the added attention previously paid to ones with 
regard to the others, they are now all considered vital, each in its own way, to 
male human fertility, and they are all known to surpass the fulfilment of a mere 
structural job, even peritubular cells. It is clear that the dynamic interaction and 
inter-regulation between these cells is a very complex process, but it is also 
evident that it represents an important aspect involved in the support of competent 
testes function. 


Seminiferous 
Tubule 


ertoli Cell 


Peritubular 


DHH/ PDGF 
TGF-B/ IGF-1 


Testosterone 
Endorphins eydig Cell 


Fig. (3.2). Schematic diagram depicting the interplay and intermodulation taking place between Leydig, 
peritubular and Sertoli cells. Such interrelations involve both hormonal and paracrine regulation, and the 
reach of such interegulation is only starting to be grasped. Abbreviations: DHH: Desert hedgehog; IGF-1: 
insulin-like growth factor 1; PDGF: platelet-derived growth factor; PModS: peritubular factor that modulates 
Sertoli cell function; TGF: transforming growth factor. 


The mechanisms underlying the interplay between these cell types, are just 
sparingly elucidated so far (a simple diagram portraying the more important 
known mechanisms is depicted in Fig. (3.2). The study of the mechanisms by 
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which each of these cell types impact spermatogenesis and the full assessment of 
the importance of each of these cell types for testicular function and health could 
be inestimable. In fact, this knowledge could enable a much better understanding 
and, therefore, opposition of disease progression, and originate potential means to 
counteract infertility problems, or even hint putative targets susceptible of 
substantiating contraceptive strategies. 
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Abstract: In what male reproduction is concerned, postnatal testis development 
comprises five sequencial stages: neonatal, infantile, juvenile, peripubertal and late 
pubertal. Each of these stages is associated with several regulation factors that may 
directly or indirectly affect them. After full testis differentiation, the individual is ready 
to commit to spermatogenesis. Spermatogenesis is a highly complex process that aims 
to produce spermatozoa through three consecutive steps (mitosis, meiosis and 
spermiogenesis) that culminate in spermiation. All these checkpoints have an intrinsic 
relationship with the cycle of the seminiferous epithelium, which allows their deeper 
understanding and integration. Given all the participants involved in spermatogenic 
cycle, it can be easily realized that there is a need for a controlled environment that 
maintains its correct development. This is achieved through the interconnected role of 
hormonal and paracrine/autocrine regulation factors. Each of them target a specific 
variety of somatic and germ cells, balancing their response in accordance with testis 
needs. Attention has also been given to the factors that control the genetic environment. 
In fact, male fertility is associated with a unique and indispensable set of genes, which 
are naturally influenced by several protein families with transcriptional and/or 
translational approaches. With this information in mind, the present chapter aims to 
discuss the most relevant research on the mechanisms involved in the basis of 
spermatogenesis. 
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INTRODUCTION 


Male fertility is a highly complex concept that involves an evolutionary process, 
initiating in the embryo and finishing in the adult individual. There are countless 
moments in which an impairment can occur, so it is pivotal to understand and 
describe in detail all the hallmarks that contribute to offspring’s maintenance. 


Mammalian species do not have a fully differentiated and mature sexual organ at 
birth. In addition, postnatal testis development involves the proliferation and 
differentiation of somatic and germ cells through five sequential periods: 
neonatal, infantile, juvenile, peripubertal and late pubertal. Each of these stages is 
associated with several regulation factors that may directly or indirectly affect 
them. Any disturbance in these regulators, as seen in some animal models, results 
in sexual disruption and, in most cases, infertility. 


After full differentiation of the testis, male mammals are ready to develop one of 
the most important biological processes of cellular transformation: 
spermatogenesis. This event starts at puberty and continues throughout the entire 
humans’ life, with a well-defined goal: the production of spermatozoa, one of the 
most specialized and capacitated haploid cells. This mechanism involves three 
consecutive fully characterized steps. Firstly, mitosis, which is associated with the 
proliferation and differentiation of spermatogonia. Then, meiosis, which 
represents the reduction of the number of chromosomes (from diploid to haploid). 
Finally, spermiogenesis, that transforms round spermatids into highly structured 
spermatozoa. It also must be highlighted the vital role of spermiation, which 
allows spermatozoa to be released into the lumen of the seminiferous tubule. All 
these periods have an intrinsic relationship with the cycle of the seminiferous 
epithelium, which allows their deeper understanding and integration. 


With all the participants involved in the spermatogenic cycle, it can be realized 
that there is a need for a controlled environment that maintain not only the correct 
growth and differentiation of germ cells, but also the proliferation and function of 
the somatic ones. This happens through the interconnected role of hormonal and 
paracrine/autocrine regulation factors. Concerning the hormonal control, the 
participation of the hypothalamus and pituitary is unquestionable. The 
hypothalamic secretion of gonadotropin-releasing hormone stimulates the 
gonadotroph cells in the anterior pituitary that consequently secrete two 
gonadotrophins, luteinizing hormone and follicle-stimulating hormone. These, 
latter then, act directly on the testis to stimulate somatic cell function. In the 
paracrine/autocrine pathway, local metabolites, growth factors and cytokines have 
been shown to complement the mechanisms under hormonal control. Each of 
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factors target a specific variety of somatic and germ cells, balancing their 
response in accordance with testis’ needs. 


Researchers have been giving attention not only to the hormonal and 
paracrine/autocrine regulation of spermatogenesis, but also to the factors that 
control the genetic environment. This is because male fertility is associated with a 
unique set of genes, known as chauvinist genes, which are stimulated by germ 
cells and encode a set of proteins that are essential for the correct interplay seen in 
the seminiferous epithelium. The process of gene expression is naturally 
influenced by several protein families with transcriptional and/or translational 
approaches. 


The present chapter aims to discuss the most relevant findings concerning the 
mechanisms involved in the basis of spermatogenesis, focusing not only in the 
regulation of postnatal testis development, but also in the complex and structured 
mechanisms that occur throughout the spermatogenic cycle. 


FACTORS THAT REGULATE POSTNATAL TESTIS DEVELOPMENT 


At birth, human testis consist of sex cords with interstitial tissue in between, 
enclosed in a capsule. The cords, which give rise to the seminiferous tubules 
where the spermatozoa are formed, contain gonocytes, precursors of the germ 
cells, and the undifferentiated cells, precursors of the Sertoli cells. The interstitial 
tissue contains fetal-type Leydig cells. 


During postnatal testis development, five time periods are recognized in male 
mammals. These stages include the neonatal, infantile, juvenile, peripubertal and 
late pubertal periods [1]. In rat, the neonatal period (postnatal days, PNDs 0-7) is 
the time of transition from fetal gonocytes to mitotically active spermatogonia, 
high rate of Sertoli cells mitosis and maturation and replacement of fetal Leydig 
cells by progenitor Leydig cells. The infantile period (PNDs 8-20) is the time 
when Sertoli cells cease to divide, the tubules start to segregate into stages and 
spermatocyte development occurs. The juvenile period (PNDs 21-32) is 
characterized by maintenance of the first wave of spermatogenesis to round 
spermatids and dramatic increase in tubular diameter. During the peripubertal 
period (PNDs 33-55) there is active spermiogenesis, as tubular diameter 
continues to expand and spermatids develop. During the late pubertal period 
(PNDs 56-70) there is continued growth of the testis and morphological features, 
consistent with the appearance of a normal adult testis [2]. Along this process, 
there are innumerous regulators identified as pivotal to the correct development of 
postnatal testis. The following information synthetize some of that elements. 
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Follicle-Stimulating Hormone (FSH) 


FSH is a gonadotropin synthesized and secreted by the anterior pituitary gland. 
This hormone was shown to have some crucial function on testis development, 
mainly due to its influence in Sertoli cells during perinatal period [3]. FSH 
induces androgen receptors (AR) expression on Sertoli cells, which begins by 
PNDs 4 to 6 in the rat [4, 5] and reaches a density maximum at PNDs 10 to 15 [6]. 
During the late infantile period, serum FSH levels decline, due to the continually 
rising levels of inhibin, reaching a nadir by PND 18. Then, serum FSH levels 
increase again throughout the juvenile period, reaching a peak at PND 26 [7]. This 
peak is known to be critical for the final maturation, function and survival of 
Leydig cells, as shown by FSH-receptor (FSH-R) ablation studies [8, 9]. 


To enable comprehensive analysis on the impact of FSH on Sertoli and germ cell 
development, this gonadotropin was suppressed in Sprague-Dawley rats. Acute 
suppression of FSH resulted in decreased testis weights in 9 and 18 PND rats, 
which was attributed to the decreased Sertoli cell population at PND 9 and a 
decreased germ cell population in PND 18. These data demonstrated that FSH 
differentially affects Sertoli and germ cells in an age-dependent manner, 
promoting Sertoli cell mitosis at day 9, and supporting germ cell viability at day 
18 [10]. Concomitant studies showed that high serum FSH levels during postnatal 
period are very important to facilitate germ cell transition from gonocyte to 
spermatogonia [11]. Finally, a recent new investigation defended that FSH 
treatment increase length of the seminiferous cords and testicular weight by 
increasing first the early proliferation of peritubular cells and later also the 
proliferation of the Sertoli cells [12]. 


Luteinizing Hormone (LH) 


LH is a gonadotropin produced in the anterior pituitary gland. It acts through LH- 
receptor (LH-R) which is mainly expressed in Leydig cells [13]. LH-R knockout 
(KO) mice models frequently show normal sexual development until birth, but 
postnatally their testicular growth and descent as well as external genital and 
accessory sex organ maturation are blocked [14]. This sugests that LH/LH-R 
signaling is not essential for fetal testis development, but it is very important after 
male birth [15]. Complementing this information, studies using a similar model 
showed that, after birth, LH-R null mice contained the same number of Sertoli 
cells, spermatogonia, and early spermatocytes as wild-type siblings, but contained 
smaller and less Leydig cells [16]. This information allowed further studies to 
focus in understanding how LH could contribute to postnatal Leydig cell 
development. 
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Differentiation of the Leydig cell population starts in rodent testes around the 
second postnatal week [17]. This developmental process consists of multiple 
steps, in which undifferentiated mesenchymal precursor cells are transformed into 
mature adult Leydig cells with steroidogenic potential. Evidence from several 
lines of investigations showed that LH is not required at the onset of Leydig cell 
differentiation, although it is essential to induce the steroidogenic function in the 
later stages of Leydig cell lineage. In fact, at the time of mesenchymal cell 
proliferation and differentiation into Leydig cell progenitors, the serum LH level 
is quite low and it does not begin to rise until much later [7]. Complementing 
information focusing toward the end of the juvenile period showed that LH rising 
levels are very important in the later stages in the lineage, i.e., proliferation of 
progenitors and their differentiation until mature adult Leydig cells [17]. In 
conclusion, LH action is not essential for the differentiation and function of 
mouse fetal Leydig cells and mesenchymal cells after birth, but it is crucial in the 
later stages of Leydig cells maturation. It should also be highlighted the major 
role of LH as an indirect regulator of testosterone postnatal functions. 


Testosterone 


Testosterone, an androgen, is a steroid hormone that in the testis is produced by 
Leydig cells, as a consequence of LH stimulation. Its action is mediated by AR, 
which are expressed in Leydig, Sertoli and peritubular cells [18]. It is well 
established that androgens play the central role in masculinization of the 
reproductive tract and genitalia during the sexual differentiation process in the 
male. More specifically, it was shown that they play an essential role in the 
morphological and functional differentiation of the somatic testicular cells, prior 
to the onset of spermatogenic activity. 


As previously mentioned, Leydig cells differentiation process is known to be 
under the strict control of LH. Additionally, some studies demonstrated that 
exogenous administration of testosterone increases AR expression on these cells, 
identifying testosterone as an important collaborator of LH in the process [19]. 


Concurrently to what happens with Leydig cells, Sertoli cells also have to undergo 
a maturation process during postnatal period, where they lose the ability to 
proliferate and switch-on various functions that are essential for the support of 
germ cells during spermatogenesis [5]. There are several lines of evidence that 
point to a role for androgens in these events. Such a role seems intrinsically 
logical when considering that maturation and acquisition of full androgen 
responsiveness are prerequisites for Sertoli cells to support full spermatogenesis 
in adulthood [20]. Recent data consolidated this information, showing that AR- 
null mice present reduced Sertoli cell number at birth and that these numbers 
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remain significantly lower than normal up to adulthood. This result highlighted 
the role of testosterone in Sertoli cell proliferation during fetal and early neonatal 
life, in the regulation of late stages of Sertoli cell proliferation and in the require- 
ment for specific transcript expression during prepubertal development [21]. 


Further studies using seminiferous tubules of prepubertal rats grown under the 
influence of testosterone concluded that this steroid hormone also contributes to 
the maturation and functioning of peritubular cells [22]. In fact, newborn mouse 
testis implanted in hypophysectomized hosts and treated with testosterone 
exhibited some of the changes observed during normal peritubular cell 
development [23]. However, the failure of testosterone alone to induce normal 
maturation of the peritubular tissue suggested that other pituitary hormones may 
also be required. 


Finally, it can also be pointed out that testosterone accelerates the development of 
the seminiferous tubules lumen of the rat, which is consistent with the reports 
about the differentiation of the various cell types comprising the tubule [24]. 


Activin A and Inhibin B 


Activin A and inhibin B are two closely related protein complexes and members 
of the transforming growth factor (TGF)-B superfamily. They were initially 
identified by their ability to regulate FSH secretion at the pituitary, showing 
opposite biological effects. Activin A concentration significantly declines 
between PNDs 0 and 1 in male mice, concomitantly with the start of gonocyte 
proliferation [25]. Subsequently, its level raises to peak at PND 3, after which the 
first spermatogonial stem cells appear. These observations suggest a dual role of 
activin A: first, as an inducer of mitotic arrest and then, as an inducer of mitotic 
proliferation of gonocytes [26]. Activin A also has a mitogenic action on Sertoli 
cells, evident from the observations of delayed fertility in male mice, smaller 
testis size and reduced sperm output following deletion of the activin type II 
receptor [27]. Inhibin B is produced by Sertoli cells and Leydig cells in the adult 
[28]. Total testicular levels in mice raise from PND 0 to a peak at PND 4, which 
reflects a period of Sertoli cells proliferation that culminates in the formation of a 
stable, non-mitotic Sertoli cells population. Thus, inhibin B is suggested to play a 
critical role in the modulation of activin-induced Sertoli cells proliferation. 
Studies in men and adolescent boys with Klinefelter syndrome, which have low 
levels of inhibin B, showed normal testis histology in infancy, but later 
degeneration of the germ cell tissue [29]. 


Hepatocyte Growth Factor (HGF) 


HGF is one of the growth factors regulating mammalian testicular development. 
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The multiple actions of HGF are transduced by its receptor, c-met, a 
transmembrane glycoprotein detectable in peritubular cells and Sertoli cells 
isolated from pubertal animals [30]. Interestingly, c-met expressing Sertoli cells 
cultured on reconstituted basement membrane, reorganize into cord-like structures 
[30], demonstrating that the system is functionally active and is involved in testis 
development and function. This finding illustrates a role for HGF in the regulation 
of germ cells that are differentiating during the same period and also in lumen 
formation in the tubules. 


Thyroid Hormone (TH) 


Although the main role of TH is to stimulate the oxidative metabolism in many 
tissues in the body, recent findings provide clear evidence that 3,5,3’- 
triiodothyronine (T3) is an important regulator of neonatal testis development. It 
is established that T3 control Sertoli cells and Leydig cells proliferation and 
differentiation during testicular development in rat and other mammal species [31, 
32]. This is effected through TH receptors (TRal and TRB1), present in human 
and rat testis from neonatal to adult life [33]. The TRal expression was found to 
be maximal in late fetal and early neonatal life and restricted to Sertoli cells, 
suggesting these as the main target cells for T3 action in testis. Nevertheless, other 
TR isoforms, including TRB1, are also found in Leydig cells, peritubular cells, 
and germ cells [34 - 36]. T3 is responsible for neonatal Sertoli cells to 
differentiate from a mitogenic to a non-mitogenic/secretory state, characteristic of 
more mature animals. In fact, transient neonatal hypothyroidism results in an 
increase in adult testis weight and daily sperm production in rats. This increase 
results from prolonged Sertoli cells mitogenesis, leading to increased adult Sertoli 
cells populations [37, 38]. Other studies showed that hypothyroidism increases 
germ cell degeneration and blocks the progression of germ cells after the 
spermatid stage [39, 40], an effect that reflects impaired Sertoli cells function. 
Concomitantly, transient juvenile hyperthyroidism results in an early cessation of 
Sertoli cells proliferation and in a strong stimulatory effect on their maturation, 
decreasing testis size and sperm production [41, 42]. Subsequent studies have 
demonstrated a similar behavior for Leydig cells. It is known that neonatal 
hypothyroidism induces mitogenic effects by arresting Leydig cells differentiation 
and allowing continuous proliferation of precursor mesenchymal cells that 
accumulate in the interstitium [43]. Conversely, hyperthyroidism was shown to 
stimulate the differentiation of mesenchymal cells into progenitor Leydig cells 
and the increase of mesenchymal cells number produced in prepubertal rat testis. 


SRY-Related Box (SOX) Family 


Members of the SOX family are proteins that have been conserved during the 
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evolution of vertebrates, having a role as transcription factors. As well as playing 
an important role during fetal development, they have also been identified in 
various postnatal tissues. Much remains unknown about the role of these 
transcription factors after birth. One of the most studied SOX members is Sox9 . 
Previous findings have established that Sox9 expression is tightly associated with 
Sertoli cells development and its expression remains exclusively in Sertoli cells 
after testis cord formation [44]. A conditional KO model with Sox9 inactivation at 
embryonic days, after the sex determination stage, only leads to late-onset 
sterility, showing that mutant male mice have normal embryonic and early 
postnatal development and are initially fertile, but become sterile at 5 to 6 months 
[45]. This provides evidence that the protein is dispensable for embryonic testis 
differentiation, but essential for maintaining the proper postnatal reproductive 
ability. 


Anti-Millerian Hormone (AMH) 


AME is a protein with a well-known impact on male reproductive development, 
highlighted by its important role inhibiting the development of the Miillerian 
ducts in the male embryo. Mice AMH expression is elevated in Sertoli cells 
before pubertal onset, until 6" PND, drop significantly from 7" to 13" PND and 
reach levels near its lowest limit of detection from day 15 onwards [46]. It shows 
some important functions in postnatal mouse testis, like in Leydig cells steroi- 
dogenesis [47] and maturation of gonocytes to spermatogonia [48]. A possible 
involvement of AMH in Leydig cells development was also revealed. Transgenic 
mice that chronically overexpress human AMH have undescended testes, are 
incompletely masculinized externally, and rapidly become infertile [49]. 


Estrogens 


The effects of estrogens are mediated primarily by nuclear estrogen receptors 
(ERs), ERa and ERB, which are both expressed in testicular cells of several 
species [50]. While both ERa and ERB were identified in Leydig cells, 
spermatocytes and round spermatids, only ERB was found in Sertoli cells and 
spermatogonia [18, 51, 52]. The absence of mature Leydig cells in testes of rats 
who received a single injection of 17$-estradiol (E2) at PND 5 [53] suggested that 
Leydig cells development is sensitive to estrogens. In fact, testicular estrogen 
levels decline during the period between 10" and 21“ PND [54], which correspond 
with the onset of precursor cell differentiation into progenitors and then to the 
early adult Leydig cells. Some studies with ERa KO models also pointed out a 
parallel increase in testosterone production during this period [55]. Further 
investigation showed that mice inactivation of ERB gene induce a 50% increase in 
the number of gonocytes observed, due to an increase in the proliferation and a 
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decrease in the apoptosis of these cells [56]. These data clearly show that 
endogenous estrogens inhibit testicular development and control steroidogenesis 
during neonatal life. 


Insulin-Like Growth Factor (IGF)-1 


IGF-1 is a protein belonging to the insulin-like growth factor family, which is 
characterized by high sequence similarity to insulin. It is proved that IGF-1 has 
stimulatory effects on Leydig cells differentiation. Studies provided clear 
evidence that testosterone production is significantly reduced in IGF1-null mice 
and this deficiency is associated with a significant developmental delay in Leydig 
cells and altered LH-stimulated androgen secretion in vitro [57]. It is also known 
that the administration of IGF-I increases testicular LH receptors and LH- 
stimulated biosynthesis of androgens from immature type Leydig cells in mice 
characterized by low circulatory growth hormone and testosterone levels, delayed 
puberty, and poor response to exogenous gonadotropins [58]. 


PHASES OF SPERMATOGENESIS 


Spermatogenesis typically defines a complex biological process of cellular 
transformation that starts at puberty and continues throughout the entire humans’ 
life. It represents the differentiation of diploid cells (spermatogonia), into haploid 
cells (spermatozoa), over an extended period of time. This is a well-balanced 
mechanism subdivided into three consecutive steps, described below and 
summarized in Fig. (4.1). It starts with the proliferation and differentiation of 
spermatogonia by the process of mitosis. Then, it is followed by the reduction of 
the chromosome number from diploid to haploid, by the process of meiosis. 
Finally, it ends with the transformation of round spermatids into the complex 
structure of the spermatozoon, by the process of spermiogenesis. The following 
text synthetizes each one of these periods in detail. 


Mitosis 


The mitotic stage is a precise sequence of divisions that involves the proliferation 
and maintenance of spermatogonia, the most immature germ cell. The self- 
renewal capacity of spermatogonia allows not only the production of stem cells 
that remain along the base of the seminiferous tubule, but also the differentiation 
in a one-way tract to spermatozoa. The number of spermatogonial types that have 
been identified varies amongst the different mammalian species. In humans, A 
pale, A dark and B spermatogonial forms can be distinguished [59]. The 
identification of the actual mechanism of spermatogonial restoration still remains 
a matter of debate. 
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Fig. (4.1). Schematic representation of the stages of spermatogenesis. In the mitotic phase, spermatogonia 
undergo either self-renewal or differentiation, with both processes involving successive mitotic divisions. In 
turn, type B spermatogonia differentiate into primary spermatocytes that enter meiosis. The first meiotic 
division originates secondary spermatocytes. These cells enter a second meiotic division and produce two 
spermatids genetically unique. Spermatids undergo morphological changes, associated with spermiogenesis, 
and highly differentiated spermatozoa are produced. 


During the mitotic process, the undifferentiated type A spermatogonia divides, 
originating two new single cells (As) or a paired spermatogonia (Ap). The Ap was 


90 Andrology: Current and Future Developments, Vol. 1 Rodrigues and Sousa 


titled that way because, in the mechanism of mitosis, the two newly formed 
spermatogonia keep their cytoplasm connected [60]. After the formation of Ap, it 
divides successively forming chains of up to 32 type A spermatogonia (Aa). 
Continuing these series of divisions, the Aa undergo associated morphological 
changes, becoming an Al spermatogonia. Then, Al is transformed in B 
spermatogonia, through the differentiation suffered in a series of five mitotic 
divisions, resulting successively in A2, A3, A4, intermediate and, finally, type B 
spermatogonia. This type B spermatogonia is the last cell type involved in 
spermatogenesis to divide by mitosis. Its division produces the first cell of the 
meiotic phase, the preleptotene spermatocyte, which migrates away from the base 
of the seminiferous tubule and crosses through the blood-testis barrier (BTB), to 
enter the adluminal compartment. This movement leaves space in the basal 
compartment for the next generation of spermatogonia to undergo mitosis. 


Meiosis 


Pursuing spermatogenesis, preleptotene spermatocytes (2n) enter the meiotic 
phase. It is characterized by two distinct and successive periods: Meiosis I and 
Meiosis I, both including prophase, metaphase, anaphase, and telophase. The 
Prophase I of the first meiotic division may last for nearly three weeks and is 
subdivided in five stages: leptotene, zygotene, pachytene, diplotene and 
diakinesis. During the leptotene stage, the chromosomes begin to condense and 
become structured in long filaments. During the zygotene stage, the homologous 
chromosomes, called tetrads, are arranged linearly by a process known as synapsis 
and form synaptonemal complexes. Crossing over takes place during this phase. 
Pachytene spermatocytes begin as small cells, but their nuclei enlarge 
significantly as the chromosomes become shorter and thicken. Synapses are 
completed and then replaced by crossing-over and homologous recombination. In 
diplotene spermatocytes, the synaptonemal complexes dissolve and the 
chromosomes spread apart in the nucleus. Finally, during diakinesis, the nuclear 
envelope disappears and the chromosomes condense and separate from sites of 
crossing over. This random sorting and crossing over are important to maintain 
genetic diversity in sperm [61 - 63]. After prophase I and during metaphase I, 
chromosomes are arranged in the equatorial plate. In anaphase I, each 
chromosome consists of two chromatids migrating to opposite poles. Finally, in 
telophase I, cell division occurs with the formation of secondary spermatocytes 
with half the number of chromosomes of spermatogenesis. After the first meiotic 
division, each daughter cell contains only one partner of the homologous 
chromosome pairs, being called secondary spermatocyte (n), but the DNA is 
double (2n), because of the presence of sister chromatids. 
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The second meiotic division lasts a short period of time. It is during this period 
that each secondary spermatocyte produces two spermatids (n) genetically unique, 
with a haploid number of single chromosomes. At the end of telophase of Meiosis 
II, the spermatids do not completely separate but remain interconnected for 
synchronous development. It can be postulated that each primary spermatocyte 
can theoretically give origin to four spermatids, although fewer actually do, as the 
complexity of meiosis is associated with a loss of some germ cells. To originate 
spermatozoa, these spermatids undergo a complete process of differentiation, 
known as spermiogenesis. 


Spermiogenesis 


Spermiogenesis is the third and final stage of spermatogenesis. It is a series of 
differentiation events that induce morphological transformations, turning 
spherical haploid spermatids into elongated, highly condensed and mature 
spermatozoa. Based on the biogenesis of individual sperm accessory structures 
and on the progression of sperm nuclear condensation, spermiogenesis can be 
divided into distinct steps, identified by arabic numerals. Individual authors 
distinguish up to 19 steps in rats, 16 steps in mice, 14 steps in primates, 12 steps 
in carnivores and 6 steps in humans [64]. The following information is mostly 
based on studies focused on mouse models. 


In step 1 spermatids, the nucleus condenses and migrates to the periphery of the 
cell. In this premature point of spermiogenesis, spermatids present a perinuclear 
Golgi apparatus region without an acrosome vesicle or granule. In the following 
steps 2 and 3, there is a marked development of the Golgi apparatus, which will 
be important to produce vesicles and granules containing the enzymatic 
components of the acrosomic system that will later surround the developing 
spermatozoon nucleus. The hydrolytic enzymes contained in the acrosomic 
system are required for sperm-egg interaction and fertilization. Between steps 4 
and 8, the acrosomic granule caps the nuclear surface, becoming thinner and 
flattened [65]. In late step 8, the nuclei begin to change their shape, elongating. It 
is worth to mention that during the elongation period, there is an active 
transcription of several mRNAs, which are kept in a translationally repressed 
state. They are required later in spermiogenesis, when nuclear elongation ceases 
all transcriptional activity [66]. Steps 9 to 14 involve the migration of the 
acrosomal system over the ventral surface of the elongating spermatid nucleus. 
These spermatid steps also involve sperm head shaping and nuclear 
hypercondensation. This is achieved by the replacement of histones with 
transitional proteins (highly basic and small lysine-arginine-rich proteins), that 
help in the transformation of the nucleosomal chromatin into smooth condensed 
chromatin fibers [67]. These transitional proteins are later replaced by protamines, 
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the key sperm nuclear proteins [68]. Concomitantly, the spermatid centrosome, 
composed by two perpendicularly apposed centrioles and a halo of microtubule- 
nucleating pericentriolar material, is reduced to a single, proximal centriole, 
embedded in a dense mass of capitulum [69]. This is achieved by the degradation 
of the distal centriole, which contributes for the growth of the axoneme. The 
axoneme consists on a series of equally spaced doublet microtubules surrounding 
two single central microtubules, being very important for the development of the 
flagella. During spermiogenesis, this structure becomes lodged at the acrosomal 
pole of the nucleus, forming the neck of the spermatozoon. Later, during the 
formation of the tail, the axoneme is modified by the development of a series of 
nine electron-dense fibers, named the outer dense fibers, in the region of the 
midpiece of the spermatozoon and distally by the formation of the fibrous sheath 
in the region of the major piece. It must be highlighted that the central filamentous 
core composing the midpiece is coated by a spiral structure that results from the 
fusion of individual mitochondria. The local presence of these organelles is vital 
for ATP production and, consequently, for flagellar movement [62]. ATP is 
obtained through glucose and fructose oxidative phosphorylation, so any 
alteration in the ability of spermatozoa to metabolize these substrates and produce 
ATP compromises sperm quality and thus, male fertility [70]. The final 
maturation steps 15 and 16 show only a few changes in nuclear and acrosomal 
migration. The nucleus continues to condense and the acrosome matures into a 
thin structure that projects at the apex, but covers nearly all the nucleus, except for 
that portion connected to the tail [71]. 


Spermiation 


Spermiation is one of the fundamental steps in the development of mature and 
fertile spermatozoa. Because there is no consensus on the inclusion or not of 
spermiation as the final stage of spermatogenesis [61, 62, 72], we approach it as 
an independent event. 


Spermiation is initiated after spermiogenesis, when the majority of late spermatids 
align along the luminal edge at the beginning of stage VII in rats and mice. It is 
the process by which mature spermatids are released from the support of Sertoli 
cells, into the lumen of the seminiferous tubule. It involves several interconnected 
hallmarks: extension of the spermatid into the tubule lumen; removal of 
specialized adhesion junctions, including the ectoplasmic specialization (ES); 
formation and degradation of tubulobulbar complexes (TBCs); retraction of the 
Sertoli cell cytoplasm from around the spermatid and, finally, the disengagement 
of the spermatid into the tubule lumen. 
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Before spermiation starts, the elongated spermatids, formed during 
spermiogenesis, are engulfed in Sertoli cell crypts. To be released, they must 
firstly be translocated to the luminal edge of the epithelium. This transport is 
facilitated by the Sertoli cell cytoskeleton and, more importantly, by the ES 
junctional plaque [73, 74]. ES is established between Sertoli cell cytoplasm and 
round spermatids and remains associated with elongating spermatids until the 
beginning of spermiation [75]. It is comprised of hexagonally-packed actin 
filaments sandwiched between the Sertoli cell membrane and the underlying 
endoplasmic reticulum [76]. Besides effectively translocating the spermatid to the 
luminal edge, ES is also involved in the stabilization of intercellular adhesion 
junctions [77]. After the translocation process, specialized structures called TBCs 
form between the spermatid and the Sertoli cell. These structures first appear as a 
bristle coated pit containing clathrin, a protein involved in endocytosis and in 
TBCs formation [78]. Then, TBCs elongate into the classic structure, including a 
tubular region surrounded by actin, a bulbous portion surrounded by endoplasmic 
reticulum, and a clathrin-coated tip. TBCs formation was found to be associated 
with areas where ES is absent, which is consistent with the proposition that TBCs 
main function is the ES disassembly [79]. TBCs also have been proposed to play a 
key role in final sperm head/acrosome remodelling and in the reduction of the 
spermatid cytoplasm volume [80, 81]. After TBCs formation, there is a change in 
the connection between spermatids and the Sertoli cells. The spermatid head and 
the flagella are pushed out into the tubule lumen, in a way that Sertoli cell 
cytoplasm only contacts a small portion of the spermatid head. In the other hand, 
the spermatid cytoplasm remains attached to the Sertoli cell so by the end of stage 
VII, it is located below the level of the spermatid head and becomes more 
condensed. Spermiation ends when the spermatids disengage from the Sertoli cell 
and are released into the lumen of the seminiferous tubule, whereupon they are 
referred to as spermatozoa. The excess of the spermatid’s cytoplasm condenses to 
form the residual body that undergoes phagocytosis by Sertoli cells [82, 83]. 


Spermatogenesis and the Cycle of the Seminiferous Epithelium 


As previously mentioned, during spermiogenesis, germ cells undergo changes 
through 6, 16 and 19 steps in humans, mice and rats, respectively, before 
transforming into spermatozoa. These germ cells are restricted to spatial units of 
the seminiferous epithelium, referred as stages and designated by roman 
numerals. Several steps occur together to form a stage, and several stages are 
necessary to form a mature spermatozoon from an immature stem cell. The cycle 
of the seminiferous epithelium refers to the synchronous evolution of one stage of 
spermatogenesis to the next or a complete and ordered series of cell stages, which 
occur at a given segment of a seminiferous epithelium over time. Similarly to 
what happens with the steps, the division of the stages of the seminiferous 
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epithelium is different for each specie (I-VI, I-XII and I-XIV in human, mouse 
and rat, respectively). 


There are several causes, both intrinsic and extrinsic, for the germ cells to be 
arranged in distinct stages. In fact, cellular associations suggesting specific stages 
have been found as early as 10" PND [84], which is about the same time that AR 
begin to be expressed in early Sertoli cells, showing that these cells regulate the 
formation of stages. Concomitantly, investigations using vitamin A deficient rats 
showed an arrest of spermatogenesis, with type Al spermatogonia differentiation 
inhibited [85, 86]. Thus, in this model, it appears that the regulation involves both 
Sertoli and germ cell responses to vitamin A. In fact, a retinoic acid receptor KO 
(RARa-/-) mouse model further revealed that vitamin A may be involved in the 
initial establishment of stages and their long-term regulation, which also appears 
to be stage-specific [87]. There are also numerous studies showing stage specific 
expression of proteins and dependences upon androgens and FSH, with these 
factors having a greater influence just before spermiation in stage VIII [88 - 91]. 


With respect to mice, it has been reported that steps 1-8 spermatids are present at 
the stages I-VIII of the seminiferous epithelial cycle, and the initial elongating 
spermatids (step 9 spermatids) are visible at stage IX. During stages VII-VIII, 
adhesive connections between Sertoli cells and spermatids are remodeled as these 
last ones start to elongate. At this stage of development, desmosome-based 
connections between Sertoli cells and the less mature germ cells are replaced by 
the stronger ES adhesion complexes, which are specific for elongated spermatids. 
Subsequent steps of elongation are established during stages X—XII and the 
mature step 16 spermatids are finally released into the lumen during spermiation 
at stage VIII [62]. Spermatozoa then continues its maturation through the rete 
testis, efferent ducts and epididymis, before becoming totally fertile in the female 
reproductive tract. 


REGULATION OF SPERMATOGENESIS CYCLE 


The complexity of the spermatogenic event exposes many hallmark mechanisms 
in which an impairment can occur. Thus, there is an increased necessity to 
maintain not only the proper growth and differentiation of germ cells, but also the 
proliferation and function of the somatic cells in the seminiferous epithelium. This 
regulation is achieved mainly through the action of two endocrine factors, LH and 
FSH, which are components of the hypothalamic-pituitary gonadal (HPG) axis. 
Additionally, there are also evidence that support the need for the secretion of 
local factors (paracrine and autocrine) by Sertoli cells, Leydig cells, peritubular 
cells and germ cells. 
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Within the HPG axis, neurons of the hypothalamus produce the decapeptide 
gonadotropin-releasing hormone (GnRH) that enters the hypothalamic-pituitary 
portal system. It is characteristically secreted in a pulsatile mode and it stimulates 
the gonadotroph cells in the anterior pituitary expressing the GnRH receptors. The 
gonadotroph cells consequently secrete two gonadotrophins, FSH and LH, which 
act directly on the testis to stimulate the distinct somatic cells that support 
spermatogenesis. 


FSH 


FSH action is mediated by its receptor, FSH-R, which is exclusively expressed in 
Sertoli cells [92]. There are several studies highlighting the relevance of FSH in 
the maintenance of the spermatogenic event. Its role starts during the prepubertal 
period, in which FSH influences Sertoli cells proliferation. Given the fact that 
Sertoli cells population determines, in a direct way, the number of germ cells 
undergoing spermatogenesis at a given time [88], one can conclude that FSH 
contributes to the regulation of germ cell number in the adult individual. This 
concept is corroborated by targeted mutations in the murine FSH-R, which led to 
dramatically reduced testes weight (due to reduced Sertoli cell population) and 
epididymal spermatozoa numbers [93 - 95]. Nevertheless, the animals maintained 
normal sexual development illustrating that, in rodents, the absence of FSH only 
affects spermatogenesis quantitatively. Furthermore, studies with FSH-R KO 
mice and FSH KO mice also presented a significant increase in germ cell death 
[96, 97], suggesting that this gonadotropin acts also as a germ cell apoptosis 
suppressor [98, 99]. While it is clear that FSH is involved at multiple stages of 
spermatogenesis by promoting germ cell survival and differentiation up to round 
spermatids, it should be noted that spermatid elongation cannot be restored by 
FSH, illustrating the need for additional factors at more advanced stages [100, 
101]. Finally, FSH was also shown to be important in regulating spermiation 
process. Studies using gonadotropin suppression, resulted in spermiation failure, 
in which spermatids are not released, but instead are retained and phagocytosed 
by the Sertoli cell [102, 103]. That spermiation failure is caused by a dysfunction 
in the final disengagement of spermatids from the Sertoli cell [104]. 


LH 


LH induces the production of testosterone by Leydig cells through LH-receptor 
(LH-R) [13]. Since these cells are located in the testicular interstitial space, 
testosterone needs to diffuse into the seminiferous tubules in order to exert its 
biological activity. The control of this hormone synthesis is suggested to be the 
only vital function of LH within the adult testis. 
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Testosterone is one of the most important regulators of spermatogenesis and its 
testicular levels in men and rodents are 25 to 125-fold higher than those observed 
in serum [105]. Testosterone action is mediated by AR, which are expressed in 
Leydig, Sertoli and peritubular cells [18]. This distribution provides evidence that 
this hormone does not act directly in germ cells, but indirectly through somatic 
cells. Studies about testosterone withdrawal from rat testes showed increased 
germ cell apoptosis, namely spermatogonia and spermatocytes [106 - 108]. These 
data suggest that testosterone in some way may function as a cell survival factor, 
protecting germ cells from apoptotic death. Concomitantly, mice in which AR 
from Sertoli cells were lost (SCARKO mice) showed a spermatogenic arrest at the 
late spermatocyte stage [109, 110], indicating that cell autonomous action of the 
AR in Sertoli cells is an absolute requirement for androgens to maintain complete 
spermatogenesis. Other studies focusing in the absence of testosterone showed 
that there is a loss of pachytene spermatocytes and round spermatids between 
stages VII-VIII [111 - 113], which are known to be particularly sensitive to 
androgen withdrawal [114]. Recent data indicates that this germ cell loss is due to 
a failure of Sertoli cells to produce N-cadherin [115]. This adhesion molecule is 
part of the ES that develops between Sertoli cells and round spermatids at the 
onset of the elongation process. In the absence of testosterone, this junction is 
disrupted, leading to the loss of spermatid adhesion and causing their premature 
release [116]. Alongside, some studies pointed out that testosterone suppression 
induces the phagocytosis of elongated spermatozoa that fail to disengage from 
Sertoli cells, revealing that androgens also have a role in spermiation [114]. With 
that in mind, it was found that testosterone loss causes overexpression of certain 
proteins, namely SPARC (secreted protein acidic and rich in cysteine), that 
modules focal adhesions; CTGF (connective tissue growth factor), that modulates 
adhesion and interacts with integrins that form contacts with elongated 
spermatids; and LGALS1 (beta-galactoside-binding protein), that surrounds 
spermatids during spermiation and can modulate integrin-mediated adhesion and 
signaling [117]. It is also worth mentioning that while androgens have a positive 
regulatory influence on differentiating germ cells, there is a well-established 
negative effect of androgens on the differentiation of spermatogonial stem cells 
[118]. 


The apparent different roles interplayed by FSH and testosterone make it 
understandable to think that they act independently and with different goals. 
However, these hormones have cooperative and synergistic effects, promoting 
maximal quantitative spermatogenic output [119]. FSH and testosterone 
cooperativity is apparent in that they act at different phases of spermatogenesis. 
For example and as previously mentioned, FSH is involved in increasing the 
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number of spermatogonia available, whereas testosterone is involved in spermatid 
maturation. Other reports identified the ability of either hormone to stimulate or 
maintain spermatogenesis when even low levels of the other are present [120]. In 
particular, there appears to be a strong case for a potentiating effect of FSH on 
androgen action [121]. Another major site of androgen and FSH cooperativity is 
the prevention of apoptosis of germ cell, particularly of spermatocytes and round 
spermatids. Germ cell survival during gonadotropin withdrawal could be 
maintained by either hormone alone, but the combination of both androgens and 
FSH had a synergistic effect [122]. Spermiation also seems to be supported by 
both FSH and Testosterone. When either androgen or FSH was suppressed in 
adult rats, Sertoli cells failed to release approximately 10% of elongated 
spermatids. However, the suppression of both hormones in combination had a 
much bigger impact in which 50% of the spermatids failed to be released [103]. 
Taken together, it seems likely that androgen and FSH regulate distinct and 
overlapping functions in Sertoli cells which cooperate to support different aspects 
of germ cell development. 


Estrogens 


Although estrogens are frequently labeled as the female hormones, E2 plays an 
important role in the maintenance of male fertility [50]. This is evident from the 
presence of ER in the seminiferous epithelium. As previously described in this 
chapter, while both ERa and ERB were identified in Leydig cells, spermatocytes 
and round spermatids, only ERB was found in Sertoli cells and spermatogonia [18, 
51, 52]. In fact, male mice lacking ERa are infertile, exhibiting severe impairment 
of spermatogenesis and dramatically decreased epididymal sperm counts [123]. 
Subsequent studies demonstrated that the diameter of the seminiferous tubules is 
increased and the architecture of the germinal epithelium is disrupted in those 
animals. The underlying cause for this spermatogenic defect is the reduced fluid 
resorption in the efferent ducts, causing back pressure in the testis and dilution of 
the sperm travelling to the epididymis [124]. Hence, it has been suggested that a 
key function of E2 in the male reproductive tract is the regulation of luminal fluid 
reabsorption in the rete testis and efferent ducts. Further investigation about E2 
exogenous treatment and ER agonists treatment showed decreased sperm counts 
[125, 126]. An elegant investigation tried to identify the mechanisms involved in 
these results [127]. It showed that, in one hand, administration of ERa agonist 
caused an arrest in differentiation of round spermatids into elongated spermatids, 
mainly due to down-regulation of genes involved in spermiogenesis: Transition 
Protein 1 (TNP1) and 2 (TNP2), and Protamine (PRM1). In the other hand, 
administration of ERB agonist caused a spermiation failure and spermatocyte 
apoptosis [127], which was corroborated by E2 treatment studies [125, 128]. The 
observed spermiation failure was attributed to defects in TBCs formation [129] 
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and the increase in spermatocyte apoptosis was attributed to an increase in 
oxidative stress [130]. Yet, there are some studies identifying E2 as a survival 
factor on germ cells [131, 132]. With that in mind, it is worth mentioning that E2 
effects, inhibiting or promoting apoptosis, may strictly depend on the hormonal 
levels [133]. 


Paracrine and Autocrine Regulators 


Beyond the hormonal factors, there is increasing evidence that a multiplicity of 
metabolites, growth factors and cytokines are involved in local control 
mechanisms that influence spermatogenesis. Some are briefly discussed in the 
next paragraphs. 


Metabolites and Associated Factors 


Pyruvate, acetate and lactate are metabolic precursors produced by Sertoli cells 
and required for germ cell metabolism, as will be discussed in the following 
chapters. These metabolites are important not only for ATP production, but also 
for the differentiation and survival of developing germ cells [134]. Moreover, 
Sertoli cells also abundantly produce transferrin, ceruloplasmin and the androgen 
binding protein (ABP). The first two have an important role in iron and copper 
transport into germ cells, respectively. ABP is thought to regulate 
spermatogenesis by maintaining high androgen levels in the testis and epididymis 
[135, 136]. Testicular ABP production is known to be influenced by testosterone 
and FSH, since gonadotrophin deficiency lowers ABP content [137, 138]. In fact, 
testosterone levels and AR expression are maximal prior to the onset of spermatid 
elongation (stages VII-VIII) and ABP levels are highest during the final stages of 
spermatid maturation (stages VIII-X]) in the rodent testis [19]. The presence of 
ABP in Sertoli cell processes that surround the elongated spermatids has 
suggested that its high affinity for androgens contributes to the generation of high 
androgen concentrations in the vicinity of certain meiotic germ cells [139]. Other 
studies involving mice overexpressing ABP exhibited reduced fertility and focal 
spermatogenic dysfunction, suggesting that elevated levels of this binding protein 
might capture and prevent androgens from acting on germ cells [140]. 


Growth Factors 


Activin and inhibin are two closely related protein complexes expressed and 
secreted by the testis. They are produced in Sertoli cells [141] and due to their 
structural homology to TGF-ß, both have been implicated in the regulation of 
germ cell proliferation and differentiation. It is known that activin can stimulate 
spermatogonial proliferation in vivo and in vitro [142]. In contrast, testicular 
administration of inhibin results in a significant reduction in spermatogonial 
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numbers in the testes of adult mice and chinese hamsters [143]. The action of 
these growth factors is also related with the regulation of the HPG axis. Inhibin 
feeds back upon the pituitary to specifically inhibit FSH release. In addition, it can 
also restrict FSH action at the testicular level, interfering with FSH binding to 
FSH-R [144]. As it could be expected and in an opposite way, there is a 
stimulatory effect of activin on FSH secretion and on circulating FSH 
concentrations [145]. 


TGF-a and TGF-f are glycoproteins that play distinctively important roles in 
spermatogenesis, being expressed in somatic and germ cells. Both of these factors 
have been reported to regulate BTB dynamics, due to their effects on the 
expression levels of tight junctions and adherent junctions’ integral membrane 
proteins [146]. In particular, TGF-a stimulates the proliferation of peritubular and 
Leydig cells, and influences the production of lactate, estrogen and transferrin by 
Sertoli cells [147 - 149]. It was shown that the amount of TGF-a produced by 
Sertoli cells significantly declines during the assembly of the BTB in vitro, 
illustrating that this growth factor can, in fact, modulate Sertoli cells function 
[150]. Concerning TGF-f, this growth factor has been purified from medium 
collected from cultured Sertoli cells, suggesting these cells as a sources of TGF-B 
in the testis [151]. TGF-B has three mammalian isoforms (TGF-B1, TGF-B2, and 
TGF-B3) that act as inhibitors of cell proliferation and facilitate cellular 
differentiation in a wide variety of cells. All cell types in the testis have been 
shown to contain type I and II TGF-B receptors [152, 153]. In addition, several 
studies have suggested that TGF-B influences Leydig cells proliferation and 
steroidogenesis, Sertoli cells aromatase activity and lactate production [154 - 
156]. 


The family of fibroblast growth factors (FGFs) includes a set of structurally 
related peptides that act as growth and differentiating factors for a wide variety of 
cells and tissues. Jn vitro studies have suggested that FGFs may regulate 
testosterone biosynthesis and proliferation of the immature Sertoli cells [157]. 
Early postnatal actions of FGFs also showed potential indirect effects on gonocyte 
proliferation [158]. FGF2, also known as bFGF, is the most studied FGFs’ 
member and it has a proven impact in the testis. It is secreted by Sertoli cells 
[159] and acts through its receptor (FGF-R type 1), present in Sertoli, Leydig, 
peritubular cells and, to a lesser extent, in germ cells [160]. Recently, it has been 
demonstrated that FGF2 is essential for the proliferation and maintenance of 
spermatogonial stem cells [161, 162]. 


Besides the role of IGFs in postnatal testis development, these growth factors also 
have an important role in spermatogenesis regulation. More specifically, IGF-I 
and IGF-II were shown to interfere in somatic and germ cells development and 
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function. IGF-I is secreted by Leydig cells and Sertoli cells [163, 164], while its 
receptors have been identified in all testicular somatic cells [165], in secondary 
spermatocytes and early spermatids [164]. /n vitro studies have demonstrated that 
administration of IGF-I to cultured immature Leydig cells resulted in a 
stimulation of LH binding and testosterone biosynthesis [166, 167]. IGF-I also 
exerts a priming effect on the capacity of the Sertoli cells to respond to FSH [168, 
169]. IGF-II and its receptor are known to be expressed both in Sertoli and germ 
cells [170] and it has been shown to mediate Sertoli cell-spermatogenic cell 
interactions. IGF-II can also modulate gene expression in the spermatogenic cells 
[171, 172]. 


Cytokines 


Cytokines are small secretory proteins that, in the testes, are mainly secreted by 
Sertoli cells, Leydig cells and testicular immune cells [173]. Although they are 
classically defined as growth factors involved in immune cell communication, 
cytokines also influence other events, triggering cell proliferation and 
differentiation [19]. Interleukin (IL)-1a has been pointed out as a pivotal regulator 
of spermatogenesis. It directly influences transferrin expression and lactate 
production by Sertoli cells [174, 175], as well as its prepubertal proliferation 
[176]. Interestingly, Sertoli cells also express an antagonist form of IL-1la, termed 
IL-1RA [177]. These positive and negative acting forms of IL-1a are proposed to 
regulate cellular interactions between Sertoli cells and germ cells. Other studies 
suggested a role for IL-1a in DNA synthesis by spermatogonia and meiotic cells 
in the rat testis, whereas mice lacking IL-1 type-1 receptor were fully fertile [178]. 
IL-6 is also produced by Sertoli cells in response to the autocrine action of IL-la 
[179, 180]. This cytokine seems to have a role in the modulation of the BTB 
dynamics, inhibiting meiotic DNA synthesis during the spermatogenic cycle and 
influencing the secretion of transferrin and inhibin B by Sertoli cells [181, 182]. 


The stem cell factor (SCF), also known as c-kit ligand, is another cytokine that 
has been demonstrated to play an important role in the development of the testis. 
It is only produced by Sertoli cells (following FSH stimulation) [183] and acts, 
through its receptor, c-kit, which is present in spermatogonia and in preleptotene 
spermatocytes [184, 185]. Mutant mice lacking either c-kit or SCF are sterile and 
their gonads lack germ cells [186]. Data showed that the interaction of SCF with 
its receptor stimulates spermatogonia survival, proliferation and differentiation 
[187, 188]. It also has been reported that Sertoli cells from mice mutant for the 
SCF are unable to bind spermatocytes [189], illustrating that the c-kit and SCF 
also mediate cellular adhesion between these two cell types. 
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TRANSCRIPTIONAL AND TRANSLATIONAL CONTROL DURING 
SPERMATOGENESIS 


Endocrine, paracrine and autocrine regulation are essential for seminiferous 
epithelium functional and structural maintenance and thus for a proper germ cell 
development. However, these are not the only paths described as pivotal to 
spermatogenesis, since genetics also plays an important role. Indeed, germ cells 
seem to stimulate a unique set of genes known as chauvinists that encode proteins 
crucial for seminiferous tubules structure and function. The process of gene 
expression is naturally influenced by a well-orchestrated regulatory environment, 
through transcriptional and translational factors. 


Transcriptional Factors (DNA-binding Proteins) 


Stage-specific gene expression and transcriptional activity in germ cells are two 
processes directly dependent on specialized regulation factors. The action of these 
transcription factors is achieved by binding to characteristic promoter motifs in 
the DNA sequence, upstream of the protein coding region, thereby inducing 
changes in chromatin structure and modulating the activity of the transcriptional 
machinery. 


Zinc-finger Family 


The Zinc-Finger family is the largest class of transcription factors in higher 
eukaryotes. Several of its members are expressed in the testis. Two of these 
factors, Wilms’ Tumor (WT1) and Promyelocytic Leukemia Zinc Factor (PLZF), 
have been shown to have important roles on spermatogenesis. 


Wtl gene encodes its respective transcription factor, which has a critical role in 
embryonic development of the gonads [190]. Using a tissue-specific RNA 
interference approach that disrupts the expression of WT1 in adult testes, it was 
shown that WT1 absence is associated with a decrease in male mice fertility. 
Indeed, those animal presented an increase in germ cell apoptosis, reduced sperm 
count, reduced sperm motility and loss of adherent junctions between Sertoli cells 
and spermatids [191]. Further analysis on those testes showed that integrin 
cytoplasmic domain associated protein 1a (ICAP 1-a) and epidermal growth factor 
receptor pathway substrate 8 (EPS8) expression was altered. These are signaling 
molecules important to the junction formation, so the disruption of this adherent 
junction may be the causal event that led to the other phenotypic alterations in 
these mice. 


PLZF, also known as zinc-finger protein 145, is a protein exclusively expressed in 
a subset of spermatogonia that exhibit stem-cell like properties in postnatal and 
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adult testes. The co-expression of this transcription factor with OCT-4, a protein 
used as a marker for undifferentiated cells, further enhanced this role already 
described. Plzf-mutant mice were found to exhibit a deficit in spermatogonia that 
progressively worsened as the animals aged, without any effect on Sertoli cells 
[192, 193]. This deficit was described to the loss of self-renewal activity of 
spermatogonia, leading to increased apoptosis. 


Heat Shock Transcriptions Factors (HSFs) 


HSFs belong to a family that is generally known for its role in fighting cellular 
stress situations, activating genes in response to heat shock. Hsf2 is amongst the 
primary vertebrate HSF proteins. Several studies pointed out the pivotal role of 
this factor during reproductive mammalian development processes, including in 
embryogenesis and spermatogenesis [194, 195]. 


Hsf2 mRNA expression in testes is cell and stage specific. In adult mice, Hsf2 is 
abundantly expressed in the nuclei of early pachytene spermatocytes and round 
spermatids [196]. Ablation of Hsf2 on male mice caused subfertility, a marked 
reduction in testis and epididymis size, a severe reduction in sperm counts and a 
loss of pachytene spermatocytes (via apoptosis) [194]. These observations suggest 
that Hsf2 promotes the survival of meiotic germ cells and/or their differentiation 
into spermatids. Hs/2-mutant mice also exhibit pronounced DNA fragmentation 
and altered levels of chromatin-packing proteins in epididymal spermatozoa, 
pointing out that Hsf2 is also a participant on the chromatin reorganization events 
that occur during late stages of spermatogenesis [197]. In fact, it was 
demonstrated that the constitutive Hsf2 DNA-binding activity present in testis is 
involved in the regulation of spontaneous expression of Hsp70.2, a testis-specific 
member of the Hsp70 gene family [198]. HSP70.2 is a TNP chaperone, tightly 
associated with major spermatid DNA-packaging proteins, TNP1 and TNP2 
[199]. 


Basic-domain-leucine-zipper (b-zip) Family 


Members of the b-zip family that are expressed in the testes include cAMP 
response element modulator (CREM), cAMP response element binding protein 
(CREB), and activating transcription factor 1 (ATF1). CREM and CREB can bind 
as homo and heterodimers to a regulatory palindromic DNA sequence, the cAMP 
response element (CRE), which is found in the promoter regions of cAMP 
responsive genes. 


Several studies indicated that CREM participates in developmental specific 
regulation of post-meiotic genes during spermiogenesis. Although levels of 
CREM in the pre-pubertal testis are very low, an essential, developmentally 
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regulated switch in CREM expression occurs at puberty, at which time levels of 
CREM increase dramatically into adulthood [200]. Many isoforms of CREM are 
generated by alternative splicing, being some of them transcriptional activators 
and others repressors. While only CREM repressor isoforms are observed in pre- 
meiotic germ cells, from the pachytene spermatocyte stage onwards there is a 
remarkable switch from repressor mRNAs to activating mRNAs [201]. This 
switch in CREM function is intimately directed and modulated by the HPT axis, 
namely FSH [202]. A very important activator isoform in the testis is CREM-T, 
which plays a key role in late stages of spermatogenesis. The activation of 
CREM-T requires the association of a coactivator known as activator of CREM in 
testes (ACT) [203], which shows similar developmental expression pattern as 
CREM-T [204]. ACT displays intrinsic transactivation potential, capable of 
converting CREM-T into an activator isoform, leading to its activation in a 
phosphorylation-independent manner [205]. Experimental studies showed that 
Crem-T KO mice are sterile due to arrest of spermatogenesis at the round 
spermatid stage [206, 207]. Infertility in these mice is attributable to the lack of 
expression of key postmeiotic genes required for germ cell-differentiation. In 
Crem-null mice these genes fail to be expressed resulting in arrested germ cell 
differentiation and eventually in spermatocytes apoptosis [206]. Concomitantly, 
only CREM repressor isoforms were detected in several infertile patients with 
impaired spermatogenesis [208, 209]. 


The specific role of CREB in the testes is still elusive. However and similarly to 
CREM, many CREB isoforms are generated by alternative splicing in the 
testicular tissue. Studies using Creb KO mice failed to provide relevant 
information concerning its involvement on spermatogenesis. Animals carrying 
mutations in all CREB isoforms exhibited severe developmental disorders and 
died shortly after birth [210]. Adult animals with Sertoli cells expressing a 
negative form of CREB showed an increased germ-cell apoptosis and a dramatic 
reduction of round spermatids [211]. 


Homeobox Family 


Homeobox family includes a wide variety of subfamilies, in which reproductive 
homeobox X-linked (Rhox) gene cluster is included. In adult and postnatal mice, 
Rhox genes are preferentially expressed in male reproductive tissues, and thus 
they are likely to encode a large family of homeodomain transcription factors 
committed to the regulation of reproductive functions. Within this subgroup, 
Rhox5 is one of the well-studied members. It is worth mentioning that this was the 
first transcription factor gene shown to be dependent on testosterone or LH to be 
expressed [212]. Inactivation of Rhox5 lead to mice subfertility, with increased 
male germ cell apoptosis, decreased sperm cell count and impaired sperm motility 
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[213]. Although these effects are focused on germ cells, RHOX35 is exclusively 
expressed in Sertoli cells within postnatal and adult testis [212]. This supports the 
hypothesis that RHOXS5 regulates the expression of important Sertoli cell genes 
that, consequently, modulate germ cell survival. Another Sertoli-specific member 
of this family is RhoxS. Studies about Rhox8 ablation had similar results to that 
obtained with Rhox5-null mice [214]. However, it should be highlighted that 
although Rhox5 expression is androgen-dependent, Rhox8 expression is 
androgen-independent, suggesting that the two sinnergize through different steps 
of spermatogenesis. 


Translational Factors (RNA-binding Proteins) 


The relevance of transcriptional factors in spermatogenesis is unquestionable. 
Nevertheless, several studies proved that translational factors can also have 
impact in spermatogenesis in a post-transcriptional mode, being many of them 
highly or uniquely expressed in germ cells. More than 700 mRNAs are 
translationally regulated in the developing testes, which highlights the extensive 
role of these RNA-binding proteins. 


DEAD-box Family of RNA Helicases 


DEAD-box RNA helicases are multi-functional proteins known to regulate a 
variety of events, including translation. One of the most important members of 
this family is Gonadotrophin-regulated testicular RNA helicase (GRTH), an 
enzyme that is essential for spermatogenesis progress, being express in meiotic 
spermatocytes, spermatids and Leydig cells [215]. It is the only member of this 
family known to have functions at the meiotic and haploid stages of mammalian 
spermatogenesis [216]. Studies targeting the disruption of Grth in mice caused 
male infertility, with animals exhibiting azoospermia, increased apoptosis of 
spermatocytes, arrest of spermatogenesis at step 8 of round spermatids and failure 
to elongate degeneration of germ cells [217]. More recent studies pointed out that 
GRTH promotes survival of spermatocytes by regulating apoptotic pathways. It 
was described that deletion of GRTH reduces the levels of anti-apoptotic proteins 
and elevates the levels of pro-apoptotic proteins in germ cells [218]. GRTH 
specifically was shown to bind the mRNAs of those proteins, supporting its direct 
role in their biogenesis and regulation. Although there was disruption of the 
expression of these proteins in Grth-null mice, the levels of their RNA transcripts 
were unaltered, suggesting that GRTH only affects translation. 


Signal Transduction and Activation of RNA (STAR) Family 


The STAR family is an emerging class of evolutionary conserved RNA-binding 
proteins. It is characterized by a large heterogeneous nuclear ribonucleoprotein K 
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homology domain, embedded in a region that confers specificity for RNA 
binding. This extended RNA binding domain is called GSG, from the names of 
STAR proteins of three different organisms (GRP33/SAM68/GLD-1). 


SAM68 has been suggested to affect cell proliferation and survival during 
spermatogenesis. It is a ubiquitously expressed factor that regulates many steps of 
RNA metabolism, including translation. The protein accumulates in germ cells 
approaching the meiotic divisions and it is maintained in haploid round 
spermatids, suggesting a role in those cells [219]. The establishment of a Sam68 
KO mouse model has revealed that this protein is essential for male fertility. 
Adult Sam68-null males have seminiferous tubules largely devoid of round and 
elongated spermatids [220]. Although the precise developmental stage of the 
intervention of SAM68 was not determined, it was described to occur when germ 
cells complete meiosis and differentiate into round spermatids. Accompanying 
this loss of spermatids, there was also an increase in postnatal germ cell apoptosis 
and various aberrations in elongated spermatids. Taken together, these results 
indicate that SAM68 plays an important role in germ cell differentiation. 


Y-box Family 


Y-box proteins represent a family of nucleic acid-binding proteins comprising a 
domain termed the cold-shock domain, which contains sequences that are over 
40% identical to the small bacterial cold shock proteins. Y-box proteins were 
originally identified as DNA-binding proteins, but it was discovered later that 
these proteins are also RNA-binding proteins that first interact with mRNAs when 
they are transcribed in the nucleus. Many Y-box proteins then travel with mRNAs 
to the cytoplasm, where they regulate their fate. Some highlight has been given to 
mouse Y-box protein 2 (MSY2), namely in concerning its role in 
spermatogenesis. In fact, Msy2-null mice were shown to be sterile [221], 
presenting an abnormally high number of apoptotic meiotic spermatocytes, which 
lead to a massive loss of step 8/9 spermatids. These animals also presented 
misshapen and multi-nucleated spermatids and lacking spermatozoa in the 
epididymis [222]. It has been suggested that MSY2 is responsible for the control 
of PrmI and Tnp2 genes, which are crucial for the structural reorganization of 
spermatid chromatin during the final stages of spermatogenesis. The loss of 
expression of these genes is likely to contribute to the nuclear condensation 
defects that occur in Msy2-null late stage spermatids. 


Heterogeneous Nuclear Ribonuclear Protein (hnRNP) Family 


hnRNPs is a family of RNA-binding proteins that coat newly synthesized RNAs 
and participate in a wide variety of events, including mRNA splicing, nuclear 
mRNA export, and translation. Deleted in Azoospermia Associated Protein 1 
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(DAZAP1) is one of the most important members of this family. Mammalian 
DAZAP1 is widely expressed in adults, especially in testes [223]. In germ cells, 
DAZAPI is found in the nucleus from mid-pachytene spermatocytes to round 
spermatids, and relocates to the cytoplasm in elongating spermatids [224]. As 
with other hnhRNPs, DAZAP1 binds newly synthesized transcripts and, through 
processes of splicing, export and translation, controls the expression of specific 
messengers. Dazap/-mutant mice were shown to be infertile, exhibiting testes 
with significantly increased numbers of apoptotic male germ cells, an 
accumulation of post-pachytene spermatocytes and a complete absence of post 
meiotic germ cells [225]. A potential explanation for this role in mRNA 
translation was initially suggested by the association of DAZAP1 with the DAZ 
family of proteins [226], which activates the translation of specific mRNAs in 
germ cells. 


P-element-induced Wimpy Testis (PIWI) Family 


The PIWI family is another class of translational control factors, composed of 
four proteins in humans (HIWI, HIWI2, HIWI3 and HILI) and three in mice 
(MIWI, MIWI2 and MILI) [227]. These proteins bind to PIWI-interacting 
(pi)RNAs, a subclass of germ cell specific small RNAs, regulating their activity 
[228]. The three murine PIWI proteins were already identified in testis and were 
shown to be expressed during spermatogenesis, pointing out their requirement for 
male fertility [229, 230]. Both Miwi and Mili are expressed in spermatocytes and 
neither is expressed in somatic cells. In addition, Mili is also expressed in 
spermatogonia [230]. Mili expression persists until the formation of postmeiotic 
spermatids [231, 232]. Miwi and Miwi2 expression is far more restricted, being 
Miwi expressed in meiotic germ cells [233], and Miwi2 in gonocytes until shortly 
after birth [234]. Studies with Miwi2 mutant mice displayed predominant arrest at 
the leptotene stage of meiosis [229]. The mutant spermatogenic cells show defects 
in double stranded DNA break repair, consistent with a role in proper meiotic 
recombination [229, 231]. Similarly, Mi/i-null mice are blocked at the zygotene or 
early pachytene stages of meiotic prophase [231]. Interestingly, MIWI appears to 
control the progression of spermiogenesis together with CREM [235]. MIWI and 
CREM do not regulate each other's expression. However, MIWI complexes with 
and stabilizes mRNA transcripts from CREM-dependent target genes including 
ACT, whose function was previously reported in this chapter. Interestingly, as in 
Crem-null mice, there is a spermiogenic arrest at the round spermatid stage in 
Miwi-null mice [235]. Thus, MIWI and CREM pathways act together to initiate 
spermiogenesis. Finally, it is important to emphasize that one investigation 
identified estrogen as a pivotal inhibitor of MILI and MIWI activity, highlighting 
the relevance of hormonal control in this process [236]. 
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Box 4.1 | Summary 


e Postnatal testicular development depends in a wide range of regulators, such as 
follicle-stimulating hormone, luteinizing hormone, testosterone, activin A, 
inhibin B, hepatocyte growth factor, thyroid hormone, SRY-related box family, 
anti-Miillerian hormone, estrogen and insulin-like growth factor-1. 

e Spermatogenesis is a well-balanced mechanism that can be subdivided into three 
consecutive steps: 1) Mitosis, associated with the proliferation and differentiation 
of spermatogonia; 2) Meiosis, the reduction of the chromosome number from 
diploid to haploid; 3) Spermiogenesis, the transformation of round spermatids 
into the complex structure of the spermatozoon. 

e  Spermiation is a vital process that allows the release of mature spermatozoa into 
the seminiferous tubule lumen. 

e Stages of seminiferous epithelium are key spatial divisions that allow the 
organization of the different germ cell steps in their associative environment. 

e Spermatogenic process is regulated in a hormonal way by the hypothalamus- 
pituitary gonadal axis, represented by their secretions: gonadotrophin-releasing 
hormone, luteinizing hormone, follicle-stimulating hormone, testosterone and 
estrogen. 

e Spermatogenesis is also regulated in a paracrine/autocrine way by the local 
secretion of metabolites, growth factors and cytokines. 

e The genetic environment associated with spermatogenesis involves the action of 
transcriptional regulators, like Zinc-Finger family, Heat Shock transcriptional 
factors, Basic-Domain-Leucine-Zipper family and Homeobox family. 

e The action of translational regulators, like DEAD-box family of RNA helicases, 
Signal Transduction and Activation of RNA family, Y-box family, 
Heterogeneous nuclear ribonuclear protein family and P-element-induced wimpy 
testis family on the spermatogenic event should be highlighted. 


CONCLUDING REMARKS 


Every newborn can be seen not only as a symbol of an evolutionary theory, but 
also as a key to species maintenance. That is a key reason to address all the 
features that make our reproduction so unique. For male mammals, testes 
development starts in the embryonic phase and extends to the postnatal period, 
being involved in a series of sequential events that prepare the gonads for the 
reproductive activity. This highlights the role of key factors, such as FSH, LH, 
testosterone, activin A, inhibin B, HGF, TH, SOX family, AMH, Estrogens and 
IGF-1. Each one of these act in an interdependent manner, controlling the rate of 
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proliferation, differentiation and function of Sertoli, Leydig, peritubular and germ 
cells in a way that, entering puberty, the individual is ready to fully commit to 
spermatogenesis. 


Spermatogenesis is the crucial mechanism responsible for male fertility. It 
involves the coordination of somatic cells with a well-defined objective: helping 
germ cells to undergo from stem cell spermatogonia to the most differentiated and 
complex haploid cells in the body, the spermatozoa. This happens through a series 
of three main periods (Mitosis, Meiosis and Spermiogenesis) that culminate in the 
release of mature spermatozoa at the time of spermiation. Along this process, the 
seminiferous epithelium is organized in stages, in association with different steps 
of germ cell development. 


The regulation of the spermatogenic cycle involves hormonal and 
paracrine/autocrine factors. From the hormonal point of view, it must be 
highlighted the extreme important of the HPG axis, represented by its secretion 
products: GnRH, produced in the hypothalamus; LH and FSH, produced in the 
pituitary; testosterone and estrogens, produced in the testis. In a paracrine/ 
autocrine point of view, it has been shown that metabolites, growth factors and 
cytokines synergize to control the spermatogenic process. Each of these factors 
have specific roles affecting some of the germ and somatic cells in precise time 
periods. In addition, there is a pivotal role for nucleic acids, the basis of our 
genetic information, in this regulatory path. As any other process in human body, 
spermatogenesis involves a specific set of genes that encode several essential 
proteins for this event. These genes are under the strict control of some 
transcriptional and translational regulatory protein families that can act as DNA- 
binding or RNA-binding proteins, respectively. 


In conclusion, it is of major importance to known the regulatory mechanisms 
underlying spermatogenesis to fully understand male reproduction. This chapter 
presented the most relevant information available on this subject. However, there 
is yet much to be investigated about how this complex and perfect-needed system 
occurs. When we do it, maybe we will be able to avert some of the most common 
dysfunctions associated with male fertility. 
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Abstract: Hormones are key regulators of the reproductive system. These signaling 
molecules are transported in the blood stream to reach target organs in order to regulate 
physiologic processes and their function. The most relevant hormones for male 
reproductive system are those involved in the hypothalamus-pituitary-gonads axis. 
Through several stimuli, anterior pituitary produces luteinizing hormone and follicle- 
stimulating hormone that act on testicular cells modulating both steroidogenesis and 
spermatogenesis. In fact, steroidogenesis, namely the production of testosterone, is 
crucial for the normal occurrence of spermatogenesis and for feedback actions to the 
pituitary and hypothalamus. However, spermatogenesis and Sertoli cells are also 
important to the regulation of this axis through the production of activin and inhibin B 
that, along with testosterone, also transmit feedback to the brain. Interestingly, in the 
last years, new intervenient have appeared in the regulation of male reproductive 
function with the discovery that adipose tissue is an endocrine organ and thus also 
produces hormones that may be important for this process. Along with the latter, gut 
hormones, which are related with the nutrient homeostasis, also modulate the function 
of testicular cells. In some cases, this interaction was only found due to metabolic 
disorders, like hyper- or hypothyroidism, obesity or diabetes mellitus. Herein, we 
propose to discuss the action and function of these hormones that interact with male 
reproductive system. 


Keywords: Adipokines, Androgens, Estrogens, Follicle stimulating hormone, 
Ghrelin, Glucagon like peptide-1, Gonadotropin-releasing hormone, Hormonal 
control, Hormones, Luteinizing hormone, Obestatin, Resistin, Testosterone, 
Thyroid hormones, 5a-dihydrotestosterone. 


INTRODUCTION 
Reproduction is a key process for the survival of a specie thus being subjected to a 
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tight control. The main players in this regulation are hormones which act as 
dynamic signaling molecules that modulate several events such as gene 
transcription and translation, directly influencing the reproductive phenotype. The 
most known hormones are those who belong to the hypothalamic-pituitary 
gonadal (HPG) axis. In males, the latter is based on the interaction between the 
hypothalamus, pituitary and the testes [1]. In brief, gonadotropin releasing 
hormone (GnRH) is synthesized by the hypothalamus, which will stimulate the 
pituitary to produce gonadotropins: the luteinizing hormone (LH) and the follicle- 
stimulating hormone (FSH). LH binds to membrane receptors on Leydig cells and 
stimulates testosterone production while FSH binds to membrane receptors on 
Sertoli cells, stimulating among other events, the production/secretion of 17ß- 
estradiol, activin and inhibin B [2]. The 17f-estradiol acts on Leydig cells in order 
to inhibit the production of testosterone [3]; and while, activin produce a positive 
feedback [4] and inhibin B and 17f-estradiol produces a negative feedback on 
pituitary [4 - 7]. 


Over the last few years, other intervenient in the control of male reproductive 
function have been unveiled. In fact, male fertility is also dependent on overall 
metabolic and energetic homeostasis [8]. Although testicular metabolism was 
overlooked during several decades, the adequate overall body metabolic 
functioning and particularly in testicular cells is crucial for the normal occurrence 
of spermatogenesis. As nowadays this is a hot research field, other hormones 
associated with all body metabolic regulation were found to influence male 
reproductive function [9]. In fact, insulin, which is linked with glucose 
homeostasis is now known as an important regulator of spermatogenesis [10] (see 
Chapter 12). Similarly, gut hormones have been described as important regulators 
of male reproductive potential, besides its well-known role in controlling 
feeding/fasting status [11]. Moreover, as adipose tissue was recognized as an 
endocrine organ, the hormones that it produces, the adipokines, were also reported 
to interact with several other body systems, namely the reproductive system. 
Thyroid hormones (THs) are also known to influence the reproductive function of 
males [12]. In fact, they are so important for the modulation of male reproductive 
potential, that any fluctuation in thyroid hormone levels, either hypo- or 
hyperthyroidism may lead to impaired spermatogenesis. During this chapter, we 
will discuss the most relevant hormones and pathways that interact with male 
reproductive system. 


THE HYPOTHALAMIC-PITUITARY-GONADAL (HPG) AXIS 


The HPG axis is formed by the hypothalamus, pituitary, and gonads (testes in the 
male) (Fig. 5.1). This axis is the key hormonal control system that modulates 
spermatogenesis and all the events occurring on the male reproductive tract. The 
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hypothalamus synthesizes and releases neuro-hormones, namely GnRH [1]. The 
mammalian GnRH is a peptide hormone synthesized and released from GnRH- 
producing neurons within the arcuate nucleus of the hypothalamus [13]. Still, this 
secretion is not uniform during life, and changes happen during sexual 
development [14] (see Chapter 6). GnRH-producing neurons have an intrinsic 
pulse-generating ability leading to a pulsatile release of GnRH [15]. This pulsatile 
frequency and the concentration of GnRH influences the subsequent release of LH 
and FSH [16] having a crucial role in maintaining a normal steroidogenesis and 
gametogenesis. After its secretion, GnRH enters to the hypothalamic-pituitary 
portal system and bind to GnRH cell membrane receptors (GnRHR) on 
gonadotropic cells. These cells are located in the adenohypophysis, which 
represents 80% of the pituitary gland. The GnRHR is a transmembrane protein 
and its levels are regulated by GnRH. In fact, GnRHR levels increase when 
endogenous GnRH is increased. However, a continuous exposure to GnRH leads 
to desensitization causing a GnRHR downregulation [17]. When GnRHR is 
activated, it triggers several signal transduction pathways that lead to the release 
of the gonadotropins LH and FSH [18]. 


As GnRH, these gonadotropins are released in a pulsatile manner. However, while 
slower GnRH pulses lead to FSH synthesis, faster pulses favor LH synthesis and 
release [19]. An increase in the amplitude of LH pulses marks the beginning of 
puberty and the reactivation of reproductive axis, stimulating the secretion of 
gonadal sex steroid hormones. As puberty progresses, testosterone starts to 
control GnRH release, maintaining the frequency of LH pulses [20]. The major 
androgen produced in the testes is testosterone, a key regulator of 
spermatogenesis. This hormone is produced by Leydig cells in response to LH 
and targets Sertoli cells (Fig. 5.1) that have androgens receptors (ARs) located in 
the nucleus and cytoplasm [21 - 23]. The other pituitary hormone secreted in 
response to GnRH is FSH that binds to G-protein coupled receptors, exclusively 
located in Sertoli cells [2] (Fig. 5.1). 


The activation of FSH receptor results in an increase of cyclic AMP signaling 
pathway, leading to increased levels of phosphorylated protein kinase B (PKB-P) 
through a phosphatidylinositol 3-kinase (PI3K)-dependent mechanism [24] and to 
the production and secretion of inhibin B by Sertoli cells. Inhibin B is a member 
of the transforming growth factor B family of proteins and its co-receptor 
betaglycan bind to the activin type II receptor, blocking its association with 
activin. Therefore, it selectively inhibits FSH biosynthesis and secretion through a 
negative feedback controlled by GnRH [25] without affecting LH secretion [26] 
(Fig. 5.1). Inhibin is a dimer composed by an a subunit and either a BA- or a BB- 
subunit. In contrast, activin, a dimer composed of two identical inhibin B subunits, 
plays a positive feedback to the anterior pituitary and stimulates FSH release [27, 
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28] (Fig. 5.1). In brief, activin binds to serine-threonine kinase membrane 
receptors on pituitary gonadotroph cells. This leads to the release of FSH and to 
the transcriptional activation of FSHB and GnRHR, genes encoding for the B 
subunit of FSH and the receptor of GnRH. Therefore, the number of GnRHR on 
the cell membrane upsurges thus increasing the expression of the gene that 
codifies for LH (LHB) and LH secretion in response to GnRH. 
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Fig. (5.1). Schematic illustration of the hypothalamic-pituitary-gonadal axis. GnRH released by the 
hypothalamus stimulates the synthesis and release of the gonadotrophins FSH and LH by the anterior 
pituitary. These gonadotrophins are transported to the testis where FSH stimulates inhibin production by 
Sertoli cells. Inhibin has a negative feedback effect on the pituitary release of FSH. Sertoli cells may also 
secrete activin to increase FSH secretion. LH stimulates testosterone production by the Leydig cells. After 
entering the circulation, testosterone is transported to the hypothalamus and exerts a negative feedback effect 
on hypothalamic GnRH release and has a direct negative effect on the release of FSH and LH by the pituitary. 
Abbreviations: FSH, follicle-stimulating hormone; GnRH, gonadotropin-releasing hormone; LH, luteinizing 
hormone. 
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Growth Hormone 


Growth hormone (GH) is a hormone produced by the somatotropic cells of the 
anterior pituitary in response to hypothalamic growth hormone releasing hormone 
[29]. GH exerts its functions, namely in steroidogenesis, gametogenesis, and 
gonadal differentiation, through its receptor, growth hormone receptor (GHR). In 
fact, GH is thought to play an important role in testicular differentiation and 
development for several reasons. First, a lack of GH secretion in adult rats results 
in a delay in testes growth and in the differentiation of the germ cells [30]. 
Moreover, administration of GH blockers stops the differentiation of the Wolffian 
duct in male fetal mice, whereas GH administration in female fetuses stabilizes 
the Wolffian duct [31]. GH also has a role after birth, namely in gametogenesis. 
Sperm motility, concentration and morphology are reduced in GH-deficient 
animals but restored upon GH administration [32, 33] illustrating the relevance of 
GH to those mechanisms although they remain to be unveiled. However, it is 
known that GH binds GHRs on Sertoli cells and increases the synthesis and/or 
modification of proteins such as insulin-like growth factor 1 (IGF-1), IGF-binding 
proteins, that mediate the stimulatory effects of GH on spermatogenesis. In what 
concerns to steroidogenesis, it is primarily regulated by LH. However, GH binds 
Leydig GHRs, activates second messengers, and stimulates the activity of several 
steroidogenic enzymes directly and by increasing LH receptor abundance [34]. 


ANDROGENS 


Androgens are regarded as the key responsible for the establishment of the sexual 
male phenotype [35], and belong to the group of steroid hormones. They are 
essential in the male sexual differentiation, in the development and maintenance 
of secondary male characteristics and for the initiation and development of 
spermatogenesis [35 - 37]. Testosterone and 5a-dihydrotestosterone (DHT) are 
the two major androgens responsible for the referred functions. Although these 
androgens bind to the same receptor, they have different and specific roles in male 
sexual differentiation. Testosterone is responsible for the development of the 
embryonic Wolffian duct derived structures (epididymis, vas deferens, seminal 
vesicles and ejaculatory ducts), spermatogenesis, secondary sexual characteristics, 
such as muscle development, voice deepening, and axillary and pubic hair growth 
[38, 39]. On the other side, DHT, a metabolite of testosterone, plays a crucial role 
in prostate development and growth, development of external genitalia and male 
patterns of facial and body hair growth or male-pattern baldness [39, 40]. 


Cholesterol is the precursor for the synthesis of steroids hormones. The testes 
have the ability to convert this organic molecule to androgens. The steroidogenic 
acute regulatory protein (StAR) transports cholesterol to the inner membrane of 
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mitochondria, making this a limiting step during steroidogenesis [41]. Inside the 
mitochondria, the side chain cleavage system comprised of CYP11A1, ferrodoxin 
and ferrodoxin-reductase are responsible for the conversion of cholesterol to 
pregnenolone. It is then translocated from the mitochondria and transported to the 
smooth endoplasmic reticulum, where it is converted into testosterone and finally 
secreted by the Leydig cell [42]. Once on the circulation this hormone exerts a 
negative feedback com hypothalamus (Fig. 5.1) [43]. 


The action of testosterone and DHT is mediated by the AR, a member of the 
nuclear receptor superfamily [44, 45]. Although the complete structure of AR is 
not fully elucidated, it is known that AR is structurally divided into functional 
domains: an N-terminal domain (NTD), a DNA binding domain (DBD), a C- 
terminal ligand binding domain (LBD), and a minor hinge region between DBD 
and LBD. A huge part of AR transcriptional activity is mediated by NTD which is 
the most active co-regulator interaction surface. The interaction of DHT and 
testosterone with AR is different. DHT has a two-fold higher affinity to the AR 
than testosterone. However, the dissociation of testosterone to the receptor is five- 
fold slower than DHT [39]. 


ESTROGENS 


The connection between male function and estrogens has been under discussion 
for a long time. Nowadays it is widely accepted that estrogens have an important 
role in the development and maintenance of male fertility [46, 47]. In fact, 
estrogens are produced in the testis, being immature Sertoli cells the major source 
of estrogens during pre-puberty, while in adult life the major producer of 
estrogens is the Leydig cell [48, 49]. One of the main targets for estrogens is the 
Leydig cell, inhibiting the production of testosterone [50]. In the 30’s it was 
described that C19 androgens could be directly transformed in C18 phenolic 
estrogens. Later, the enzyme responsible for this reversible reaction was described 
and named aromatase or cytochrome P450 aromatase (P450arom) [51]. This 
enzyme belongs to the cytochrome P450 superfamily [52] and is composed by 
two polypeptides, a specific P450arom encoded by the CYP19 gene and a 
ubiquitous NADPH cytochrome P450 reductase. Besides to be expressed in 
Sertoli and Leydig cell, the aromatase is also expressed by germ cells [53, 54]. 
The aromatization of androgens in order to synthesize estrogens englobes three 
reactions: sequential hydroxylation on the C19 methyl group and demethylation 
that lead to the removal of C19 as formic acid and the aromatization of the steroid 
A-ring, a characteristic of C18 estrogens [55]. Dehydroepiandrosterone, 
testosterone and androstenedione are the main aromatase substrates. In human 
male reproductive tract, Leydig [56, 57] and Sertoli cells [57, 58] are reported as 
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estrogens producers. The 17f-estradiol produced by these cells has a negative 
feedback on pituitary [6]. 


The biological effects of testicular estrogens are mediated by estrogen receptors 
(ERs). Estrogens diffuse in the cell and bind to nuclear ERs, forming an estrogen- 
ER complex, modulating transcriptional target genes. In testicular cells, estrogens 
are important on male gamete maturation and three ERs known to mediate 
estrogen effects are present in these cells: ERa [59], ERB [60] and G-protei- 
-coupled estrogen receptor 1 (GPER) [61]. ERa and ERB are nuclear receptors 
(NRs) of a family of ligand-modulated transcription factors [62 - 64]. The 
expression of ERa and ERB is now globally accepted in the testicular tissue. The 
full-length ERa (66 kDa) and one isoform lacking the exon 1 (46 kDa) were 
found in immature male germ cells, and the 46 kDa isoform was observed in 
spermatozoa. ERa can also be found in Leydig cells [65, 66] and in the cells of 
the epithelium of efferent ductus, the region linking rete testis to the head of the 
epididymis [66 - 68]. The expression of this receptor was also found in 
spermatocytes, spermatids and spermatozoa [46, 54, 69, 70]. As concerning Erp, 
two proteins, which correspond to a long (60 kDa) and short (50 kDa) forms of 
ERB were identified in germ cells [71]. The expression of ERB has also been 
described in Leydig [72], Sertoli [73] and peritubular cells [72, 73] 


GPER, also known as G-protein coupled receptor 30, is an orphan G-protein 
coupled receptor with seven transmembrane domains [74]. A study performed in 
2000 found that rapid 17B-estradiol-mediated activation of extracellular signal- 
regulated kinases (ERKs) was dependent on GPER, being the most recent known 
ER [61]. It is located on cell surface and is both, structurally and genetically 
distinct of ERa and ERB. It is responsible for a quick activation of different 
pathways, leading to the rapid phosphorylation of the mitogen-activated protein 
kinases ERK1/2 [61, 75], stimulation of adenylyl cyclase [76, 77], PI3K signaling 
pathways activation and mobilization of intracellular calcium stores [78]. The 
expression of GPER was demonstrated in male reproductive tract, namely in 
Sertoli cells, diploid germ cells, epididymis, vas deferens, seminal vesicles and 
prostate (for review [79]). However, GPER is not present in haploid germ cells 
[80]. 


INSULIN 


Insulin is a peptide hormone secreted by pancreatic B cells located in the islets of 
Langerhans [81]. Since its discovery, insulin has been considered a key 
circulating signal for energy homeostasis. In fact, this peptide has a crucial role in 
the physiological maintenance of blood glucose levels, and its dysregulation may 
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lead to the onset of several metabolic disorders (see Chapter 12). Due to its 
importance, the exocytosis of insulin from ß cells is a tightly regulated process. 


The effects of insulin on peripheral tissues, and specially on male reproductive 
system, are mediated by the insulin receptor, which is widely expressed in 
testicular tissue, more specifically in Sertoli, Leydig and peritubular cells [82, 83]. 
When insulin binds to its receptor, the latter is phosphorylated and some effector 
proteins, namely PI3K are recruited and activate several signaling pathways [84]. 
These are involved in different cellular processes, such as metabolism, 
differentiation and proliferation [85]. Although the specific molecular 
mechanisms remain to be unveiled, it is known that insulin affects male 
reproductive function at multiple levels. In fact, besides energy homeostasis (see 
Chapter 12), insulin is necessary for testicular embryonic development [86]. 
When the family of insulin receptor tyrosine kinase are absent, XY mice develop 
ovaries and a female phenotype, indicating that insulin signaling pathway is 
required for male embryonic development [86]. 


In addition, ablation of insulin receptor leads to a decrease in both testes size and 
sperm production due to reduced proliferation rate of immature Sertoli cells 
during late embryonic period [87]. HPG axis functioning is also modulated by 
insulin. GnRH secretion is sensitive to metabolic signals and pathological 
situations that lead to hypoinsulinemia or hyperinsulinemia which are commonly 
linked with disturbed GnRH/LH pulses [88]. Indeed, exogenous insulin 
administration was found to increase LH that in turn promotes testosterone 
synthesis in Leydig cells [89]. In sum, besides energy homeostasis, insulin 
modulates the male reproductive system in several ways, even before birth. 
However, some of the mechanisms that lead to these effects remain to be 
unveiled. 


THYROID HORMONES 


Thyroid hormones (THs) are crucial for the homeostasis maintenance of some 
processes, particularly the control of body overall metabolism, protein synthesis, 
fat metabolism, neural development, normal growth and maturation of bones, as 
well as renal and cardiovascular functions [90, 91]. The thyroid gland synthetizes 
THs through iodination of tyrosine residues of the glycoprotein thyroglobulin [92, 
93]. The hypothalamus and pituitary gland are the major controllers of THs 
production. Neurons in the paraventricular nucleus inside the hypothalamus 
secrete thyrotropin-releasing hormone that stimulates the pituitary gland, via a G- 
protein-coupled receptor, to secrete thyrotropin/thyroid-stimulating hormone 
(TSH). In turn, TSH binds to thyroid follicular cell basolateral membrane, which 
express a G-protein-coupled TSH receptor [94]. The prohormone thyroxine 
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(3,3’,5,5’-tetraiodothyronine or T4) is the main product of the thyroid gland, but it 
has low biological activity. Through the intracellular removal of an iodine atom 
from the outer-ring of T4, 3,30,5-triiodothyronine (T3), the biologically active 
hormone is originated. The iodine uptake is regulated by TSH and is mediated by 
the sodium/iodide symporter. T3 has 100-fold higher affinity to thyroid hormone 
receptor (THR) than T4 [95, 96], so the reaction catalyzed by type 1 and type 2 
iodothyronine deiodinases is essential. After its biosynthesis, THs enter the blood 
stream and bind to plasma thyroid hormone binding proteins in order to be 
distributed, since they are hydrophobic. However, THs need transporters to cross 
cell membranes and reach target cells, being monocarboxylate transporter 8 the 
most important transporter to perform that duty [97]. 


The effects of THs are mediated by a nuclear THR that belongs to the superfamily 
of NRs, and modulates gene transcription in response to hormone binding. 
Recognizing specific nucleotide sequences, the nuclear response elements, THRs 
bind to the promoter region of target genes and recruit co-activators or co- 
repressor proteins [62, 98, 99]. In human Sertoli cells, THRal and THRa2 have 
already been described [100]. In rat Sertoli cells, T3 suppresses the expression of 
immature Sertoli cell markers [101, 102]. On the other hand, hypothyroidism 
extends the expression of these markers in neonatal rats [101], showing a role of 
T3 in the maturation of Sertoli cells. Moreover, T3 regulates gap junctions 
between Sertoli cells through an increase of connexin 43 levels, a gap junction 
protein [103]. THs are also very important for Leydig cells. Indeed, after 
elimination of Leydig cells population in rats, T3 treated rats have a faster and 
bigger recovery of Leydig cells population when compared to controls with 
normal concentrations of THs [104]. Moreover, THs also influence 
steroidogenesis, increasing the production of testosterone [105, 106]. During germ 
cell development, THRa is expressed in type B spermatogonia and THRB1 is 
expressed in intermediate type spermatogonia [12], suggesting a role for THs in 
sustaining different populations of germ cells. Along the male reproductive tract, 
THRal and THR$B1 are also expressed in the epididymis [107]. 


GUT HORMONES 
Ghrelin 


Ghrelin, as well as obestatin, is a gastrointestinal hormone obtained by post- 
translational processing of its precursor, preproghrelin [108]. Preproghrelin is 
composed by a 23 amino acids signal peptide and by proghrelin, a 94 amino acids 
peptide [109]. Ghrelin is a 28 amino acids segment of proghrelin, which is also 
composed by a carboxy-terminal peptide, the C-ghrelin [110 - 112]. Besides 
ghrelin, the proghrelin can be also processed to obestatin [113]. Ghrelin is 
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subjected to posttranslational modifications comprising the acylation of the 
hydroxyl group of the Ser3 [114]. This acylation is required to activate the ghrelin 
receptor, also known as growth hormone secretagogue receptor (GHS-R), and to 
mediate its effects on GH secretion and food intake [115]. However, acylated 
ghrelin represents less than 10% of the circulating ghrelin [111, 116, 117]. 
Nevertheless, it has been hypothesized that desacylated ghrelin has a role in 
modulating the effects of acylated ghrelin. 


The effects of ghrelin in the reproductive axis have been discussed for several 
years, and some studies suggest that this hormone is an important modulator of 
male reproductive function at different levels. Firstly, this hormone acts on the 
HPG axis, inhibiting the secretion of GnRH, LH and FSH [118 - 121] and 
stimulating the secretion of prolactin [122]. Moreover, in male rats it has the 
capacity to delay puberty onset [123] and downregulate Kiss! [124], which 
encodes for a protein that stimulates the secretion of GnRH. The presence of 
GHS-R has been demonstrated in human germ cells, pachytene spermatocytes 
[125], Leydig [125] and Sertoli cells [11, 125]. Moreover, ghrelin has been 
detected in Sertoli and Leydig cells [125]. Additionally, in cases of varicocele, 
obstructive azoospermia or normozoospermia the serum levels of testosterone are 
inversely correlated with ghrelin levels, suggesting an effect on spermatogenesis 
[126]. In normal fed rats, ghrelin decreases testicular mass, but does not alter 
testosterone levels, while in food restricted rats, ghrelin decreases testosterone 
plasma levels [127]. An in vitro study, using adult rat testicular tissue, 
demonstrated that ghrelin inhibits human chorionic gonadotropin- and cAMP- 
stimulated testosterone secretion [128]. This inhibitory effect of ghrelin is 
associated with a decrease in human chorionic gonadotropin-stimulated 
expression of mRNAs encoding StAR, and P450 cholesterol side-chain cleavage, 
3B-hydroxy steroid dehydrogenase, and 17B-hydroxy steroid dehydrogenase type 
III enzymes [128]. There are also evidence that ghrelin affects the development 
and maintenance of testicular cells. In fact, ghrelin has an inhibitory action in 
stem cell factor mRNA expression, a crucial signal for the development of Leydig 
cell and germ cells production [125, 129]. 


Therefore, the effect of ghrelin on stem cell factor expression may disturb 
spermatogenesis and Leydig cell proliferation. More recently, the effects of 
ghrelin in cultured Sertoli cell suggested this hormone as an energy status sensor 
for the male reproductive system. Moreover, there is an inverse association of this 
hormone with the production of lactate, thus controlling the nutritional support of 
spermatogenesis [11]. Hence, ghrelin acts as a regulator of testicular development 
and function, as this hormone modulates Leydig cells development and function 
and Sertoli cell metabolism. 
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Obestatin 


Obestatin is a peptide with 23 amino acids that was discovered approximately ten 
years ago due to bioinformatic studies. It was found that it is a result of the 
carboxy-terminal part of proghrelin, the same prepropeptide from which ghrelin 
derives [113]. Obestatin was purified for the first time from rat stomach mucosa. 
Since then, it was already identified in several tissues and cell types, namely 
gastric mucosa, duodenum, colon, pancreas, spleen, mammary glands and in 
Leydig cells [130]. However, in human tissues, the information about the 
distribution of this peptide is scarce [131]. 


In order to maintain its regular conformation, obestatin has a post-translational 
amide modification on the C-terminal. Moreover, it is known that it is a 
circulating peptide with a pulsatile secretion [132]. However, its secretion has no 
effects on the expression profile of other hormones, namely GH, leptin and 
corticosterone [133, 134]. Nevertheless, obestatin enhances testosterone 
production by Leydig cells [135]. In fact, obestatin expression is present in human 
Sertoli and Leydig cells, rete testis, efferent ducts, vas deferens and seminal 
vesicles [136]. Although obestatin was firstly associated as the ligand for the G- 
protein coupled receptor 39, this fact was later excluded due to subsequent 
studies. Nowadays, it is proposed that obestatin binds to glucagon-like peptide 1 
receptor (GLP-IR) [137], although more studies are needed to confirm this 
hypothesis. 


Glucagon-Like Peptide-1 


Secreted mainly from entero endocrine L-cells in the epithelium of the distal 
ileum and colon, but also from cells in the pancreas, and in the central nervous 
system [138], glucagon-like peptide 1 (GLP-1) belongs to gastrointestinal peptide 
hormone incretin family [139 - 141]. GLP-1 has several effects on pancreatic B 
cells, such as stimulation of glucose-induced secretion of insulin and ß cell 
neogenesis, besides inhibiting P cell apoptosis. Moreover, GLP-1 delays gastric 
emptying and increases peripheral glucose disposal [142, 143]. Furthermore, as 
GLP-1 can cross the blood-brain barrier [144], it acts in the brain in order to 
enhance satiety. GLP-1 binds to its receptor, GLP-1R, a member of a glucagon 
receptor family of G protein-coupled receptors [145], which is widely expressed 
in the pancreatic islets, heart, brain, kidney and stomach [146 - 151]. The human 
GLP-1R has an N-terminal extracellular domain and some glycosylation sites, 
essential for the coupling of GLP-1 and for the successful trafficking and 
processing of the receptor [152 - 154]. 


GLP-1 was identified in 1981 in the translational products of mRNAs isolated 
from the pancreatic islets of anglerfish being the second incretin to be discovered 
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[155, 156]. GLP-1 is part of the product of proglucagon gene, and has 
approximately 50% of homology to glucagon [157]. In the circulation, there are 
two types of bioactive GLP-1 being GLP-17-36 amide, which corresponds to 
proglucagon 78—107 with its C-terminal Arg amidated, the most common 
circulating form in humans [158, 159]. However, the half-life of this hormone is 
very short, since it is cleared by the kidney and inactivated by the ubiquitous 
proteolytic enzyme dipeptidyl peptidase-4, which cleaves two amino acids from 
the n-terminus of GLP-1 [160]. 


Although it is known that GLP-1 has a key role in maintaining glucose and 
nutrient homeostasis, little is known about the effects of GLP-1 in male 
reproductive function. However, GLP-1 has several effects in the central nervous 
system that may impair HPG axis. Moreover, the administration of GLP-1 in 
healthy men result in a decrease of testosterone production independent of LH 
levels, illustrating a role of GLP-1 in steroidogenesis [161]. In addition, GLP-1 
seems to have a role in puberty onset, since it alters the secretion of hypothalamic 
GnRH [162]. The same study showed, through a knockout mouse model of GLP- 
1 receptor, that even though the levels of gonadal sex steroids were normal, the 
males have decreased gonadal weight [162]. Although more studies are needed to 
unveil the mechanisms by which GLP-1 affects male reproductive function, it is 
already clear that this hormone may modulate it in several ways. 


ADIPOKINES 
Leptin 


Leptin is a 16 kDa adipocyte-derived protein encoded by the obese (ob) gene 
[163]. Besides adipocytes, leptin is locally produced in other tissues, such as 
ovary, skeletal muscle and stomach [164, 165]. This may suggest pleiotropic 
effects of leptin on several biological functions. In fact, leptin plays a key role in 
appetite modulation, but was also reported it has a role in immune and gonadal 
functions and stress responses [166 - 168]. As leptin is mostly produced in white 
adipose tissue, its concentration in the blood stream is positively correlated with 
the amount of fat mass of an individual. 


After being secreted by adipocytes, leptin circulates in the bloodstream bound to a 
circulating isoform of LepR. Then, it surpasses the blood-brain barrier via the 
short leptin receptor isoform to the hypothalamus [169]. Here, leptin binds to its 
receptor (LepR) on neurons producing anorexigenic proopiomelanocortin 
(POMC) and Agouti-related protein (AgRP) within the arcuate nucleus. When 
leptin binds to LepR, signal transducer and activator of transcription 3 is 
activated, which will then bind to pomc and agrp promoters, activating the first 
and inactivating the second one [170]. Besides, leptin also activates PI3K, which 
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in turn induces the synthesis of PIP3. The accumulation of the latter leads to 3- 
phosphoinositide-dependent protein kinase 1 and protein kinase B activation 
resulting in the inactivation forkhead box protein O1 that functions as inhibitor of 
POMC expression and activator of AgRP [171]. This will then suppress energy 
intake and stimulate energy expenditure. Consequently, leptin is known as the 
satiety hormone. 


As leptin has a key role in the regulation of nutrient homeostasis, this hormone 
also impacts male reproductive function, mainly through its neuroendocrine 
effects. In fact, leptin deficiency leads to pubertal failure and infertility (see 
Chapter 6) [172]. On the other hand, in obese men, the increased concentration of 
leptin inhibits testosterone production by Leydig cells, impairing spermatogenesis 
[173]. This effect may be due to the capacity of leptin to decrease testicular 
expression levels of StAR and cholesterol side-chain cleavage enzyme, upstream 
elements of the steroidogenic pathway, in a dose-dependent manner [174]. 
Moreover, leptin was found to regulate estrogen synthesis through modulation of 
aromatase namely in the prostate [175]. In addition, leptin also causes alterations 
in testicular physiology. Hyperleptinemia causes a decrease in the number of 
spermatocytes and sperm resulting in a decrease in the diameter of the 
seminiferous tubules. Likewise, the number of Leydig cells is also decreased as 
well as testis weight [176]. In what concerns to Sertoli cells, it was recently found 
that leptin modulates the nutritional support of spermatogenesis [168]. 
Furthermore, leptin crosses blood-testis barrier [177] and its levels in the seminal 
plasma are inversely correlated with normal sperm parameters [178]. Nonetheless, 
it is reported that leptin has no effects on motility, capacitation and acrosome 
reaction of human spermatozoa [179]. 


Resistin 


Resistin is known as an adipocyte-derived signaling molecule as it was firstly 
identified in adipose tissue of obese mice. However, although human adipocytes 
produce resistin, it is not the major source of this molecule [180]. In fact, it is also 
expressed in the muscle, pancreatic cells and macrophages. As shown by its name, 
resistin is resistant to the action of insulin, thus being implicated in obesity and 
type 2 diabetes mellitus [181]. Indeed, resistin circulating levels are increased in 
obese individuals [182]. Moreover, the synthesis and release of this adipokine is 
stimulated by several factors, namely inflammatory processes, hyperglycemia and 
action of gonadal hormones [182]. Although the mechanism of resistin action 
remains to be unveiled, some facts about its role in the male reproductive tract are 
already known. Indeed, resistin is expressed in both Leydig and Sertoli cells in 
adult rodents [183]. Moreover, as resistin stimulates Leydig cells survival and 
proliferation, these cells may auto-regulate their proliferation in an autocrine or 
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paracrine manner [184]. However, these effects are controversial since other 
authors have shown that changes in the levels of this hormone had no effect on 
male fertility. This led to the hypothesis that these results might be a synergistic 
effect with other adipose tissue derived hormones. Moreover, as rodent and 
human resistin have differences at protein and genomic levels, it is even more 
difficult to translate the results obtained in studies with rodents [185]. 


CONCLUDING REMARKS 


Reproductive function, as well as the development of secondary sexual 
characteristics, is highly regulated. In fact, normal testicular function is dependent 
upon the action of hormones through both endocrine and paracrine pathways. As 
discussed, HPG axis is the major intervenient known to affect and control male 
reproduction. The key roles played by the hormones of this axis in the regulation 
of steroidogenesis and spermatogenesis are known for several decades. 
Androgens, which exert feedback actions on the hypothalamus and anterior 
pituitary, also have a crucial role for spermatogenesis. These hormones may also 
be converted into estrogens, which have been acquiring attention since they were 
also found to have a key role in male reproduction. However, some new 
intervenient have been discovered in the last few years. The drastic increase of 
metabolic disorders, and its association with the decrease in fertility rates, has 
brought attention to this topic and its related hormones are also on spotlight. In 
fact, these may be one of the missing links between the disease and the already 
known consequence of impaired reproductive function in males. 


Box 5.1 | Summary 


e Male reproductive function is highly regulated by hormones, signaling 
molecules secreted by glands directly into the blood stream, which transports 
them to target organs and tissues to exert their function; 

e Hypothalamic—pituitary—gonadal axis represents the interaction between 
hypothalamus, pituitary and gonads. Testicular functions are controlled by a 
master switch, the GnRH pulse generator and feedback systems: LH-testosterone 
and FSH-inhibin. 

e Thyroid hormones interfere in testicular development and steroidogenesis. 

e Feeding status and overall homeostasis is important for spermatogenesis. 
Hormones related with the latter, namely gut hormones and adipokines, 
modulate male reproductive function. 
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Abstract: The finding of a concise definition for puberty has proved to be a difficult 
task for the scientific community and it remains an intense matter of discussion. 
Nowadays, there is consensus that puberty is a dynamic process influenced by many 
factors. In this chapter, we will discuss some of the most relevant biochemical markers 
of puberty and briefly emphasize their relevance in the development and onset of 
puberty. We will expose the neuroendocrine control that lies behind this very complex 
hormonally-dependent process. In addition, since puberty is definitely not experienced 
in the same way by all individuals, we will also discuss genetic, metabolic and 
nutritional factors as key modulators for the control of puberty onset. The final section 
of this chapter is dedicated to a brief overview on puberty-associated disorders, 
pinpointing the clinical features that should be taken into consideration and the 
deleterious signals that may occur until sexual maturation is achieved. 


Keywords: Anti-miillerian hormone, GABA, Glutamate, Growth Hormone, 
Insulin Growth Factor Binding Protein-3, Insulin Growth Factor-1, Kisspeptin, 
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INTRODUCTION 


Over time, the establishment of a definitive definition for puberty by the scientific 
community has proved to be a real challenge, consistently wrapped in interesting 
debate. If one takes a look into the definition present in dictionaries, it always 
points to something along the lines of: “the period in people's lives when they 
develop from a child into an adult, because of changes in their body that make 
them able to have children”. This definition, requires significant further 
clarification and is rather simple but is globally accepted by both law and 
scientific communities. In a more detailed definition, we can define puberty as a 
period in which we attain secondary sexual characteristics and develop a repro- 
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ductive capacity. Yet, as a very complex event, puberty is not a single and 
immediate episode since it requires a whole set of processes, not only physical but 
also psychological that occur in human body during a specific life phase. There 
are many physical manifestations of puberty in males, including the increase of 
testis; development of pubic, axillary and facial hair; accelerated body growth; 
increased muscle strength, among others. In addition, psychological changes may 
also occur to an extent that is dependent on the individual. Recent studies 
provided compelling evidence that puberty onset is not only the product of 
spontaneous body changes but also of hormonal and biochemical-mediated 
events. The entire environment surrounding the child, from the place of birth, to 
their nutritional status and their genetic heritage, are all suggested to influence not 
only puberty but particularly its onset. Physical changes can be observed as a 
result of differentiation and growth, which in the human case may be more visible 
during the last phase of growth. In fact, puberty is characterized by a cascade of 
morphological, physiological, psychosocial, cognitive, emotional and behavioral 
adjustments associated with the increased gonadal and, in some cases, adrenal 
activity. The beginning of puberty and its duration is determined by two main 
physiological processes: the gonadarche and the adrenarche. The gonadarche 
involves the maturation and enlargement of the gonads, along with increased 
secretion of sex steroids and, consequently, the initiation of spermatogenesis. The 
adrenarche encloses the maturation of the adrenal cortex and consequent increase 
in the secretion of adrenal androgens. The physical manifestations of adrenarche, 
known as pubarche, embrace the appearance of pubic and axillary hair, acne and 
adult apocrine odor. Interestingly, the absence of adrenarche does not inhibit 
fertility, neither influences the timing of gonadarche. In sum, puberty comprises 
many biological changes, some of which are physically observed while others are 
discrete and can only be biochemically understood. 


BIOLOGY OF PUBERTY 


Growth and physical maturation during puberty enclose a wide range of cellular 
and somatic changes. Evaluation of growth is traditionally based on the 
assessment of height, but changes in body proportions and composition are also 
important elements to be taken into consideration. Puberty is characterized by 
increased growth rate and the appearance of somatic sexual differences. The 
beginning of puberty is expected to take place at the biological age of 13 in boys 
[1]. The testis of pre-pubertal boys display a very active and marked hormonal 
profile [2 - 4]. Testis growth is already visible during childhood, and they increase 
their volume between the 9 to 13 years until they reach the adult volume [5, 6], 
mainly due to changes in the seminiferous tubules, during the gonadarche. Leydig 
cells in the testis of pre-pubertal boys are relatively scarce, although recognizable 
[7 - 9]. In the beginning of puberty, the number of germ cells exponentially 
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increases, leading to a rise in the seminiferous tubule diameter and testicular 
growth. However, the seminiferous tubule length and Sertoli cell numbers remain 
relatively constant [4, 10]. At the beginning of puberty, Sertoli cells form the 
blood-testis barrier, the secretion of seminiferous fluid starts, and the lumen is 
formed in the seminiferous tubules, resulting in increased diameter [11]. Germ 
cell population raises, as they are first disposed around the base of Sertoli cells, 
and then move towards the center of the tubules, according to their maturation 
stage. FSH was shown to be at least in part responsible for the population of 
Sertoli cells in rats in a post-natal phase [12, 13]. In addition, FSH receptors 
increase in Sertoli cells and maximal FSH sensitivity is achieved, along with a 
very high metabolic activity [14] associated with the many functions of these 
cells, including aromatase activity and secretion of estrogen and anti-miillerian 
hormone (AMH). The first indicator of pubertal maturation of seminiferous 
tubules occurs at the peak of spermatogonial multiplication, and involves the 
entrance of spermatocytes in meiosis [3]. For a period of 2-4 years, meiotic 
spermatocytes/spermatids are continuously produced and degraded, gradually 
progressing in the maturation course while reducing germ cell degradation, 
leading to an increase in spermatogenic ratios [4], and ultimately to accomplished 
fertility [4]. The increase in testicular testosterone is due to an early activation of 
Leydig cell precursors, which respond to LH stimulation [15 - 17]. During pre- 
puberty, the increase of pulsatile LH levels activates the steroidogenically 
competent Leydig cell precursors first. At this point, immature Leydig cells and 
their precursors are abundant [4]. The rise in testosterone concentration in the 
testis precedes the pronounced growth of seminiferous tubules and the 
development of secondary sexual characteristics [15, 16]. Therefore, it promotes 
the increase of seminiferous tubule diameter and testicular volume, as well as 
spermatogenic development [3]. 


The five stages defined by Tanner and colleagues [18] for the development of 
secondary sexual characteristics are nowadays most frequently used to define 
physical development in developing individuals. Tanner stages go from stage 1 
(pre-pubertal) to stage 5 (post-pubertal), and their definition takes into account 
different physical parameters, such as the growth of pubic hair, genital 
development and height spurt in boys. Tanner stage 1 represents a pre-pubertal 
stage and stage 5 is attained at complete development, while stages 2-4 are 
intermediate stages of development. Tanner stage 3 is reached at mid-puberty and 
is related with the surge in gonadal hormones (testosterone). Tanner stages are a 
good external indicator physical sexual development, although they are far from 
capturing all features related to and leading to biological maturity [19]. 
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NEUROENDOCRINE CONTROL OF PUBERTY 


Puberty is a complex process, resulting from coordinated neuroendocrine 
mechanisms, and involving the activation and maturation of the hypothalamus - 
pituitary- gonadal axis (HPG) [20, 21] in a tightly regulated process by a complex 
network of excitatory and inhibitory factors. The onset of puberty relies on a 
functional HPG axis which is active in embryonic and early postnatal stages but it 
is silenced during childhood. Though the exact mechanisms remain a matter of 
intense research and debate, reactivation of GnRH secretion stimulates the 
secretion of LH and FSH that control and activate the production of gonadal sex 
steroids. Genetic and environmental factors are also known to be responsible for 
observed variations in the timing of puberty to each individual [22, 23]. 


Box 6.1 | Summary 


e Puberty onset is linked to significant gonadotropin-releasing hormone (GnRH) 
pulsing, which precedes an increase in sex hormone levels (namely luteinizing 
hormone - LH, and follicle-stimulating hormone - FSH), which will in turn 
determine pre-pubertal and pubertal changes. 

e Some factors/neurotransmitters that were described to be involved in pubertal 
neurocircuitry, modulating hormone release, include kisspeptin, glutamate, 
GABA, catecholamines, neuropeptide Y (NPY), opioid peptides, melatonin 
and growth hormone. 

e Hormones related to food intake and satiety sensation, namely ghrelin and 
leptin, were also shown to impact puberty, more specifically the puberty onset. 

e Factors like insulin growth factor-1 (IGF-1), anti-miillerian hormone (AMH) 
and insulin-like factor 3 (INSL3) are also involved in puberty and may serve as 
prospective markers during puberty progression. 

e Other than genetic determination, puberty may also be determined by multiple 
external factors, including at least the nutritional status, health condition and 
geographic constraints. 


The neuroendocrine control of puberty depends on an elaborated neuronal 
network involving cooperative action of several neural, hormonal and 
environmental regulatory signals, progressing at different levels in the HPG axis 
(summarized in Box 6.1). LH and FSH levels are the responsible for pre-pubertal 
and pubertal changes. LH levels, in human males, increase immediately after birth 
[24], then decline within 6 months and continue relatively low until the beginning 
of puberty. On the other hand, FSH levels are elevated 3 months after birth, and 
then decrease [25]. The GnRH neurosecretory system enters a quiescent stage, at 
the age of 4-6 months, until the beginning of puberty [26, 27]. Before puberty, 
FSH and LH levels are low, pulsatile and a little higher at night than in the 
morning [28 - 30]. Previous to the physical signs of puberty manifestation, the 
levels of FSH and LH rise, and the pulses become more distinct, as the release of 
gonadotropins starts [29, 30]. In the testes, there is initiation of testosterone 
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secretion, among other steroids, like dihydrotestosterone, androstenedione, and 
estradiol. At the ages between 10 and 17 years old, the levels of plasmatic 
testosterone widely increase [5]. This growth in testosterone levels is associated 
with the increase in LH secretion during sleep (Fig. 6.1). 


The secretory activity of GnRH neurons is controlled by neurocircuitry regulation. 
This neurocircuitry is responsible for the increase in GnRH secretion, which does 
not occur until the beginning of puberty, due to immaturity of the circuit [31, 32] 
(Fig. 6.1). The neuronal mechanisms that control GnRH neuron activity include 
synaptic input from other neurons, which may be excitatory, inhibitory, or both, 
depending on the physiological conditions. 
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Fig. (6.1). Schematic diagram of probable mechanisms involved in the neuroendocrine control of puberty 
onset. A gonadal-steroid feedback is operating in pre-pubertal and pubertal period. There is a relationship 
between neurotransmitters and neuropeptides that control GnRH release which seems to be a key event for 
puberty onset. During pre-pubertal period, a GABA inhibition on GnRH neurons appears to keep GnRH 
release low. At puberty onset, a decreased in GABA concentration allows excitatory kisspeptinergic and 
glutamatergic input to GnRH neurons to become dominant. This leads to an increase in GnRH release, 
responsible for the cascade of events that triggers puberty. However, those mechanisms remain not fully 
understood as it has been described that metabolic and circadian signals also have an important role in 
puberty. During the puberty period, the kisspeptin, NPY, norepinephrine and glutamate and GABA signals, 
stimulatory and inhibitory respectively, begin or strengthen the participation in GnRH release. During 
pubertal period, gonadal steroids are as well involved in the formation of an adult pattern to GnRH release. 
Abbreviations: FSH: follicle-stimulating hormone; GnRH: gonadotropin-releasing hormone; LH: luteinizing 
hormone; NPY: neuropeptide Y. 


One of the systems that controls the secretion of GnRH is the kisspeptin-GPR54. 
Kisspeptins are encoded by the KĶissl gene and work through the GPR54 (also 
called kisspeptin receptor or Kiss1R) [33 - 35]. The receptor belongs to the family 
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of G-protein coupled seven-transmembrane receptors, and its ligand is a peptide 
derivate from metastasis suppressor gene KiSS-1 [36 - 38]. Human kisspeptin is 
translated to preprokisspeptin (Kisspeptin-145), and then cleaved at the site next 
to dibasic residues by subtilisin-like convertase. Finally, the C-terminal-RFG is 
amidated by carboxypeptidase, like in GnRH peptides processing [36]. 
Interestingly, infusions of kisspeptin are known to transiently increase LH 
secretion. Afterwards, LH decreases to basal levels [39, 40], due to the effect of 
GnRH. This implies kisspeptin as responsible for pulsatile GnRH and LH 
secretion providing clear evidence that this system is involved in the reactivation 
of gonadotropin secretion at the puberty onset [41, 42] (Fig. 6.1). 


In the hypothalamus, the major excitatory amino acid neurotransmitter is 
glutamate [43, 44]. Glutamate has two types of receptors: the metabotropic and 
the ionotropic, and both are present in the hypothalamus [45, 46] (Fig. 6.1). The 
metabotropic receptors are big monomeric transmembrane proteins, holding 
seven-transmembrane domains, and initiate intracellular signaling through G 
protein coupling [47, 48]. The ionotropic receptors are ligand-gated cation 
channels that mediate fast excitatory postsynaptic potentials [49]. The activation 
of these receptors functions as a stimulation to GnRH/LH secretion in adults [50]. 
Thus, the synthesis of glutamate and its availability is crucial for the stimulation 
of GnRH release and consequently for the control of puberty onset (Fig. 6.1). For 
instance, it was shown that in developmental rat hypothalamus, glutamine is 
responsible for a dose-dependent release of GnRH [51], due to the formed 
glutamate. This dose-dependent mechanism clearly highlights the relevance of 
glutamate to puberty onset. 


The inhibitory role of GABA before puberty is not yet clear (Fig. 6.1), since 
mutations in GABA-related human genes do not imply an abnormal puberty [52]. 
Still, there are findings indicating an important role for GABA in puberty onset. 
GABA is present in the hypothalamus and is the dominant inhibitory 
neurotransmitter [53] (Fig. 6.1). Glutamate is the GABA precursor through a 
decarboxylation reaction, catalyzed by glutamic acid decarboxylase (GAD). 
GABA is stored in vesicles and is released in the presence of extracellular Ca2+ 
by exocytosis [54]. In Rhesus monkeys, GABA levels are higher in pre-puberty, 
then in mid-puberty [55, 56]. Also in pre-pubertal monkeys, infusions of antisense 
oligodeoxynucleotides for GAD67 and GAD65 mRNAs into the stalk-median 
eminence (SME) increased GnRH release [57, 58], probably due to a reduction in 
the synthesis and release of GABA [55, 57]. In the prepubertal period, the low 
levels of LHRH release are consequence of dominant inhibitory mechanism of 
GABA (Fig. 6.1), and the subtraction of this inhibition may trigger an increase in 
LHRH release and the onset of puberty [56]. 
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Weiner and Ganong [59] were the first to describe the effects of catecholamines in 
the puberty of female rats. Catecholamines are organic compounds that contain a 
catechol nucleus (a benzene ring with two adjacent hydroxyl substituents) and an 
amine group. In a physiological context, when referring to catecholamines, it 
implies 3,4-dihydrophenylethylamine (known as dopamine) and its metabolic 
products, noradrenaline and adrenaline. In brief, the synthesis of catecholamines 
is carried out from L-tyrosine that serves as a precursor and can cross the blood- 
brain barrier. Its synthesis follows a series of chemical reactions that end-up in the 
formation of products with a high relevance for neuronal physiology and also in 
puberty [60]. Adrenergic neurons have been implicated in the pulsatile release of 
GnRH and consequently LH release (Fig. 6.1). In rodents, the inhibition of 
norepinephrine synthesis, with bis-(4-methyl-1-homopiperazinil-thiocarbonil) 
disulfide, suppresses the post castration-induced LH release, while the inhibition 
with o-methyl-paratyrosine suppresses post castration-induced LH release only in 
juvenile rats [61]. This illustrates that catecholamines may also be a factor 
triggering puberty in males. 


One of the main peptides found in the central nervous system is the neuropeptide 
Y (NPY). This peptide has 36-amino acids and is one of the most studied in the 
context of neuroendocrine function [62]. The receptor for this peptide belongs to 
the family of G-protein coupled receptors and has at least 6 receptor subtypes 
(Y1-6) [63]. In rat, the presence of NPY in the hypothalamus increases before the 
birth and during development, reaching its maximum near the puberty of the 
individual [64, 65]. In pre-pubertal male monkeys, intraventricular injection of a 
NPY antagonist, blocking the Y1 receptor, stimulated LH release [66] illustrating 
the relevance for the control of circulating LH. Nevertheless, the most important 
role for NPY seems to be either acting as a restraint to puberty onset by increasing 
GnRH [66] or enabling pubertal progression by serving as a stimulatory signal 
[31] (Fig. 6.1), though the role for each of these mechanisms and their mode of 
action remain unclear. 


There is also clear evidence that opioid peptides suppress LH release [67, 68], 
suggesting a possible role for these peptides in puberty. Endogenous opioid 
peptides are small molecules produced in several parts of the body, including in 
the CNS and in glands such as the pituitary or the adrenal glands. They can 
function as hormones and as neuromodulators. These peptides can complement 
the inhibitory role of GABA before puberty by providing homeostatic 
counterbalance to the cascade of excitatory events that are responsible for the 
pubertal increase in GnRH (for review [69]). However, the opioid peptides are not 
described to play a role in restraining the initiation of puberty and thus, their 
possible role in this process is speculative and remains controversial. This is due 
to the complexity of the opioid system which may employ different opioid 
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peptides and receptors, in addition to distinct opioid-producing neuronal subsets. 
Each may have a separate contribution or not contribution at all. Thus, it is very 
difficult to assess the extent of opioid system in the restraining of puberty 
initiation. 


Another neurotransmitter suggested to have an inhibitory effect towards puberty 
onset is melatonin. Melatonin (N-acetyl-5-methoxytryptamine) is a hormone 
predominantly synthetized in the pineal gland of mammals that is best known for 
its function as a regulator of the circadian rhythm [70]. It can cross biological 
barriers [71] and exert biological and pharmacological activities through receptor 
dependent or independent pathways [70, 72, 73]. In humans and monkeys, the 
levels of melatonin are known to be elevated in early childhood, decreasing later 
and remaining stable from early puberty to adulthood [74, 75] illustrating that it is 
a factor to consider when analyzing the puberty of the individual. Observations in 
hamsters and sheep indicate that melatonin delays puberty onset [76, 77]. 
Notably, individuals with pineal tumors were shown to have premature puberty 
onsets [78, 79], whereas the timing of puberty in blind boys (low melatonin) is 
delayed [80] illustrating that it is necessary a tight control of melatonin to have a 
normal puberty. 


Growth hormone (GH) is a member of a hormone family that comprises 
prolactins and placental lactogens. The GH peptide is composed of a single-chain 
of 191 amino acids with 2 disulphide bridges between amino acids 53-165 and 
282-189, and four a-helices [81], organized in an up-up-down-down topology. 
The expression of GH gene is regulated by GH-releasing hormone, 
glucocorticoids, somatostatin and insulin growth factor-1 (IGF-1). The levels of 
GH are known to change during life. The increase in estradiol is responsible for 
the spontaneous secretion of GH. Of note, the levels of this hormone are low in 
early puberty but increase throughout mid- and late puberty [82 - 84]. The 
endogenous secretion of GH follows the height increase tendency rate and then 
decreases [85]. Interestingly, the role of GH in the end stage of somatic 
maturation during transition loses importance [86]. In studies with GH 
replacement, it is clear that the action of GH is necessary in the post-pubertal 
phase in order to achieve adult maturity (for review [86]). However, the when and 
how GH secretion influence body changes is not clear yet and remains a matter of 
great debate. 


FACTORS THAT CONTROL PUBERTY 


The entire complex process of puberty is under the control of multiple genes and 
other associated regulatory mechanisms. These mechanisms include classical 
transcription regulation of genes and non-transcriptional regulatory phenomena, 
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such as epigenetics and microRNAs. Some studies suggest that about 50-80% 
variance in puberty onset could be under genetic influence [87]. Therefore, the 
timing of puberty appears as a complex genetic trait influenced by variation on 
multiple genes [23, 88]. The increase in pulsatile release of GnRH is the result of 
a balance between inhibitory and stimulatory factors. It results from coordinated 
changes in transynaptic and glial-neuronal communication [89]. Mutations in the 
gene encoding the GnRH receptor cause hypogonadotropic hypogonadism, and 
affects the activation of the HPG axis [90]. Mutations on KAL [91] and FGFR1 
[92] genes are the number one cause of Kallman syndrome, which is a rare 
genetic condition characterized by a failure to start or to fully complete puberty. 
Mutations of KISSIR is identified as a cause of isolated hypogonadotropic 
hypogonadism, and central precocious puberty [93, 94]. The neurokinin B (NKB) 
has been described as an important factor on puberty onset and the genes 
encoding the NKB receptor (TACR3) and NKB (TAC3) have an important role 
for the activation of the HPG axis in puberty [95, 96]. The MKRN3 was the first 
gene, with inhibitory effects on GnRH secretion, identified in humans thought the 
whole-exome sequencing analysis of families with central precocious puberty 
[97]. In addition, the gene DAX1 encodes transcription factors that play 
significant roles in the hypothalamus, pituitary, gonad, and adrenal cortex, and 
mutations in this gene is also reported to be the responsible for hypogonadotropic 
hypogonadism [98]. Many other mutations are also responsible for an abnormal 
growth, for example mutations on genes that encode GH or GHR [99], POUIF1, 
PITX1, PROP1, HESX1 genes [100], COLIA1, FGFR3 genes [101]. 


The onset of puberty and its genetic effects are influenced by several 
multifactorial factors, including nutrition, general health, geography, among 
others. The matter of whether alterations of whole body metabolism connected to 
energy disposal and metabolic rates could affect the CNS and consequently the 
onset and progression of puberty has been subject to intense research and 
discussion. The discovery of the genes encoding leptin, adipocyte satiety factor 
and its receptor, was responsible for the establishment of a relationship between 
the amount of fat, fat metabolism, energy balance and the reproductive potential 
of the individuals [102 - 104]. Indeed, leptin levels are directly proportional to the 
amount of body fat [105, 106] and the primary site of leptin production is the 
adipose tissue [106]. However, placenta, brain and stomach may also express low 
levels of leptin [107 - 109]. This hormone was related to the modulation of GH 
secretion [110, 111] and thus, suggested to play key roles, that go far beyond food 
control, in body physiology. In 1995, Tartaglia and co-workers, using an 
expression-cloning strategy, were able to isolate the leptin receptor (LepR) from 
the mouse choroid plexus [104]. Later, it was shown that direct or indirect 
activation of LepR involves multiple signaling pathways. The levels of leptin 
reflect the energy status of the body, and have an important role in the control of 
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body weight and on the regulation of metabolism, since it acts on the 
hypothalamus and suppresses appetite [105, 112, 113]. The effect of leptin in the 
reproductive system is now gathering more interest from the scientific community 
as it has been shown that it is crucial to determine the reproductive potential of the 
individuals. The hypothalamic GnRH neurons, even though they do not express 
LepRb, are the primary responsible for leptin action on the gonadotropic axis, 
suggesting the contribution of transitional signals [114] such as insulin-like 
growth factor 1, NPY, proopiomelanocortin, kisspeptin and nitric oxide synthase 
(for review [32]). This suggestion was supported by the fact that the abolition of 
leptin signaling in GnRH neurons does not affect reproductive performance. 
However, the elimination of LepR in all forebrain neurons compromises fertility 
[115]. In an in vitro study, performed using the LBT2 gonadotroph cell line, leptin 
was shown to increase LH secretion in response to GnRH [116]. The first studies 
with rodents indicated that leptin administration could induce or delay puberty 
onset [117, 118]. Other studies in humans and rodents with leptin deficiency 
indicated that, although leptin is in fact important for puberty onset, this hormone 
alone is not able to trigger puberty. Therefore, it has been suggested by several 
authors that leptin can be a metabolic gate of puberty onset [119, 120]. However, 
this role of leptin in puberty onset is better characterized in females than in males 
(for review [121, 122]). Nevertheless, it is known that threshold levels of leptin 
are necessary for the beginning and advance of the puberty in males. Still, leptin 
alone was reported to be not enough to promote puberty in males [123]. In 
addition, serum leptin levels display a gradual increase during the pre-pubertal 
years in boys [124]. Indeed, during puberty in males, leptin levels peak at Tanner 
stage 2 and decrease to pre-pubertal levels at the genital stage 5 [125], being that 
this decrease is attributed to the effects of testosterone [126]. Taken together, 
these studies clearly show that leptin is an important factor for puberty but not the 
main trigger for its onset. Other hormone linked to the control of food intake is 
ghrelin, which is usually negatively correlated with the BMI [127, 128]. This is a 
28-amino acid orexigenic hormone whose levels increase after food deprivation 
[129, 130]. In rats, the administration of ghrelin delays male pubertal 
development, suggesting a relation between malnutrition and a decrease in 
reproductive development and function [131]. In humans, during puberty, serum 
levels of ghrelin decline [132]. The consequences of this decrease in the pubertal 
activation of HPG is not yet clarified. However, it has been suggested that ghrelin 
may have a main inhibitory role in male puberty onset [133]. 


In 1963, IGF was reported to hold non-suppressible insulin-like activity [134]. 
Since then, it was shown that IGF-1 plays an important role in growth, 
development, and metabolism, being part of a family of secreted single chain 
polypeptides (for review [135]). The insulin growth factor-I receptor (IGF-IR) is 
part of a family of transmembrane tyrosine kinases that includes the insulin 
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receptor and the orphan insulin receptor-related receptor and other receptors, that 
modulate the biological activity of growth factors [136, 137]. The role of both, 
IGF-1 and IGF-IR, in the central reproductive axis has not been elucidated yet, 
however, IGF-1 KO mouse were shown to be infertile [138, 139]. It is known that 
during male puberty the levels of IGF-1 rise, following the pubertal growth spurt 
and reflecting the increase of GH secretion during this phase [140, 141]. The 
levels of IGF-1 do increase steeply in individuals during puberty [142], changing 
progressively with age and ongoing pubertal stage [143]. This reflects the 
importance of IGF-1 in puberty onset. in vitro studies also demonstrated that IGF- 
1 affects GnRH neuronal function [144, 145]. In fact, IGF-1 stimulates GnRH 
release from hypothalamic cell line [145] and stimulates GnRH promoter activity 
[144, 146]. 


The AMH is 140-kDa dimeric glycoprotein hormone that belongs to the 
transforming growth factor-B (TGF-f) family which is secreted by Sertoli cells in 
the prepubertal testis, being that its levels decline at the onset of puberty. It is 
known that when a defect in testosterone production occurs during the neonatal 
period or puberty, the levels of AMH are high. When FSH is administered to boys 
with congenital hypogonadotropic hypogonadism, there is an increase in AMH 
and inhibin B (a marker of Sertoli cell function) but when FSH is administered 
with human chorionic gonadotropin (hCG) the levels of AMH decrease with a 
lower decrease in inhibin B. This complies with the current knowledge on FSH 
action during childhood since it stimulates AMH and hCG also stimulates 
testosterone with a higher suppressive effect on AMH than in inhibin B. Thus, it 
is very important to determine the hormonal profile of boys during childhood and 
puberty [147] to follow the changes that occur and avoid possible problems. 


Men have a major circulating hormone produced by Leydig cells: the insulin-like 
factor 3 (INSL3). It is a small peptide hormone member of the relaxin—insulin 
hormone family and is a major secreted product of the mature interstitial Leydig 
cells. In addition, ISNL3 can readily cross the blood-testis barrier and thus, it can 
be present in the luminal fluid from seminiferous tubules, rete testis and also in 
the epididymis. It has been shown that the levels of this hormone progressively 
increase throughout male puberty and remain correlated with the progressive 
elevation of LH discussed above. This highlights that during puberty, Leydig cell 
differentiation and function may be under the influence of LH and that 
determining the levels of INSL3 may be a good marker to identify the occurrence 
of possible disorders in male puberty [148]. For instance, in boys with Klinefelter 
syndrome, altered levels of INSL3 are usually described to be associated with 
abnormal testes. It has been reported that INSL3 levels in Klinefelter boys are 
similar to those in normal boys during adulthood but those levels reach a plateau 
at midpuberty in the former while in the later they continue to increase [149]. 
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The normal pubertal onset is reported to occur at about 9 years of age in boys. 
When pubertal signs appear before that age, the event is described as a precocious 
puberty, a condition considered pathological and that requires medical evaluation 
[150]. Likewise, when boys at 14 years of age do not present signs of puberty it is 
also considered a pathological condition (often reported as delayed puberty). 
There are two main types of precocious puberty, the gonadotropin dependent 
(central) or independent precocious puberty. In the former, the boys present 
increased levels of LH and FSH, which results in enlarged testicular size, elevated 
testosterone, advanced bone age and many other clinical signs of puberty. Those 
boys must be accompanied to rule out severe conditions such as hypothalamic 
hamartoma, optic gliomas, central nervous system dysfunction, among others. In 
the latter condition, gonadotropin-independent or peripheral precocious puberty, it 
should be noted that it may result from testicular tumor, testotoxicosis or some 
syndromes. It should also be emphasized that boys with delayed puberty usually 
have a family history associated with that condition but it is highly 
recommendable to rule out a possible genetic cause related with hypogonatropic 
hypogonadism or Klinefelter syndrome, among others. 


One of the most common problems occurring in male puberty is pubertal 
gynecomastia which consists of an often benign proliferation of the male breast 
glandular and fibrous tissue. It can be uni- or bilateral and usually occurs at 
midpuberty at the Tanner phases 3-4. The causes for this problem are not well 
understood but it has been suggested that it may result from impaired 
estrogen/androgen balance. This can occur during a rapid sexual maturation with 
ongoing steroidogenesis; due to an increased aromatase activity or increased 
sensitivity to estrogens in breast tissue [151, 152]. 


Another issue important to take into consideration during puberty is the possible 
hypogonadism that may occur when the boys experience problems in pubertal 
development, micropenis, or cryptorchidism. In addition, when testes fail to 
descend there is a high risk factor for infertility and testicular malignancy [153] 
and thus, this is a health condition that must be well followed by the clinicians. 


CONCLUDING REMARKS 


Defining puberty merely as a series of process to achieve sexual maturation is an 
oversimplification of the topic. Puberty is a very complex process that is 
accompanied by physical, psychological and biochemical changes coordinated by 
several factors, including hormones. It follows the life of the individual from the 
pre-puberty stage until the complete sexual maturation already in the adult life. In 
this chapter, we described the biochemical events that may impact puberty onset 
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and normal adult fertility, which depends on the successful completion of these 
changes. Here, we discussed some of the most relevant markers of puberty onset, 
including growth hormone, IGF-1, leptin and other markers. The mechanisms 
determining puberty onset are controlled by many factors, such as the genetic 
background, metabolic and nutritional status. All these factors may impact 
neuroendocrine control and influence the action of many neurotransmitters which 
are responsible for the modulation of the secretion of hormones involved in the 
HPG axis, determinant in the puberty process. The biological or biochemical 
changes elicited by the puberty are so pronounced that they translate into evident 
visual physical changes. The evaluation of Tanner stage is still a very valid way to 
verify the evolution of male puberty. In addition, the calculation of testicular 
volume is also a reliable marker to assess male pubertal onset. The biochemical 
signals and pathways that trigger the initiation of puberty remain a matter of 
intense research and debate between scientists. This is particularly important since 
maturation of reproductive system has an evolutionary importance and is highly 
dependent of a complex regulatory network. In the next years, this will remain a 
hot topic of research, and novel information concerning the mechanisms of the 
onset of puberty, age of onset, and the physical and hormonal changes that occur 
during that period are expected. 
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Abstract: The epididymis is a long convoluted organ of the male reproductive tract. Its 
functionality has been overlooked for many years, but it is currently accepted that it has 
a preponderant role in spermatozoa post-testicular maturation. The epididymis presents 
a high secretory activity. Several proteins can be released in bulk through apical blebs 
or can be associated with epididymosomes, which fuse with sperm plasma membrane 
becoming integral proteins. The interaction of epididymal proteins with spermatozoa is 
a very important factor in the regulation of spermatozoa maturation along their passage 
through the different epididymal regions. A mature sperm cell recovered from the 
epididymal caudal region should present the ability to move (activated motility) and to 
fertilize the oocyte. The atmosphere created within the epididymal lumen is very 
dynamic, since the epididymal fluid composition is relatively different between the 
tubule compartments. The blood-epididymal barrier (BEB) created by junctions 
between principal cells of the epididymal epithelium is not only responsible for the 
control of epididymal luminal fluid composition, but also acts as a defense mechanism 
to protect spermatozoa from the immune system, harmful xenobiotics and oxidative 
stress. While the caput and corpus of epididymis are mainly involved in sperm 
maturation, the caudal region is the site of mature sperm storage in a quiescent and 
protected state. In this chapter, we discuss the biochemical events occurring during the 
transit of spermatozoa through the epididymis. We will focus on the involvement and 
structural organization of epididymal epithelial cells and secretory proteins on 
spermatozoa modifications during their maturational process. 
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environment, Motility acquisition, Sperm protection, Sperm maturation, Sperm storage. 


INTRODUCTION 


Spermatozoa development goes far beyond their complex process of production in 
the seminiferous tubules. Their post-testicular progress involves ultrastructural 
and macromolecular modifications during their course to reach the site of 
fertilization in the oviduct [1]. These alterations result from sequential, temporally 
controlled interactions between male reproductive tract secretions and the 
transiting male gamete [2]. After being shed from the testes, spermatozoa follow 
their pathway through the rete testis and efferent ducts, reaching the epididymis. 
The epididymis is a long convoluted tubule that is structurally organized into 
three principal regions: the caput (head), the corpus (body) and the distal cauda 
epididymis (tail) [3]. The epididymal epithelium is constituted by a diverse set of 
cell types: principal, narrow, apical, clear, basal, halo and surrounding peritubular 
myoid cells [4, 5]. Each cell type has a particular function and 
compartmentalization throughout the epididymal duct. Though, all cellular types 
contribute to the establishment and regulation of the epididymal luminal 
environment, which is crucial for the attainment of spermatozoa peculiar 
morphological and functional characteristics [1, 4]. Among the wide range of 
epididymal functions, we can highlight the following: (1) sperm concentration, to 
facilitate ejaculation; (2) functional maturation, to acquire motility and fertilizing 
ability; (3) storage in a quiescent viable state until ejaculation; (4) removal of 
degenerating sperm and (5) protection of spermatozoa [6]. 


From the rete testis to the end of the epididymis, spermatozoa are bathed in a 
continuously and progressively changing medium of fluid proteins and other 
chemical components [7]. The epididymal fluid composition is highly regulated 
by a selective structure known as blood-epididymal barrier (BEB). The formation 
of this barrier is a critical factor for sperm maturation, since it enables the 
development of the proper epididymal luminal environment for spermatozoa 
maturational process. Besides, the epididymis has a great proteinaceous secretory 
activity [8]. In fact, it releases a wide range of proteins that directly influence the 
composition of the epididymal epithelium (e.g. pH, osmolality), but also 
contributes for sperm protection, since it modulates oxidative stress (OS) [9]. The 
maturational process of spermatozoa includes many changes in sperm 
physiological properties, such as the acquisition of forward motility, the ability to 
recognize and bind to the zona pellucida, and the capacity to fuse with the plasma 
membrane of an oocyte [10]. During epididymal transit, spermatozoa acquire new 
proteins, some of which are coating proteins that can be removed by washing with 
isotonic or hypertonic solutions, while others are assimilated by sperm plasma 
membrane as integral membrane proteins. These latter are incorporated in 
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spermatozoa membranes by small vesicles called epididymosomes [11]. However, 
the underlying mechanisms are not yet fully understood. 


The mature spermatozoa are finally stored in a quiescent state in the cauda 
epididymis [12]. Since they can be stored for several days until ejaculation, the 
characteristic microenvironment of this epididymal section should also be 
controlled. Particularly, there is a need to protect spermatozoa from OS, since 
they are highly susceptible to reactive oxygen species (ROS) damage [13]. 
Moreover, at this stage, it is essential to remove degenerating spermatozoa, since 
they can damage the viable quiescent cells [14]. This chapter is focused on the 
major sequential modifications of spermatozoa during their transit through the 
epididymis, highlighting the role of epididymal secretome and the biochemical 
modifications occurring from the immotile testicular spermatozoa to the 
quiescent, but actively motile, spermatozoa at the end of the epididymal duct. 


STRUCTURE AND FUNCTION OF THE EPIDIDYMIS 


The epididymis is an accessory organ derived from the Wolffian duct, 
anatomically connected to the testes, which at birth essentially consist of 
mesenchymal tissue [15]. During prenatal development, cell proliferation in 
Wolffian duct is dependent on the presence of androgens and mesenchymal 
factors, whereas postnatal development is influenced by lumicrine factors, such as 
androgens, growth factors and several enzymes secreted by the testes [16]. The 
epididymal postnatal development consists of three major stages: an 
undifferentiated period, a period of differentiation and a last period of expansion 
or proliferation [15]. In the first period, from birth to early infancy, the proximal 
regions of epididymis begin to coil, while the cauda coiling still uncomplete. 
Moreover, this accessory organ undergoes extensive remodeling and duct 
elongation/convolution until puberty, where it becomes fully differentiated [15, 
17]. In the second period, from infancy to puberty, the epididymal epithelium 
differentiates into specific cells: principal, apical, basal, clear and narrow cells. 
During puberty, the epithelial cell differentiation is completed, since there is a 
high rate of cell division and epididymal expansion. In the third period, there is a 
continued growth of the epididymis and spermatozoa appear in the lumen of the 
duct [15]. The adult epididymis consists in a several meters-long contorted duct 
that, if uncoiled, measures about 5.5 meters in humans [3], 1 meter in mice [18], 3 
meters in rat [19] and up to 80 meters in horses [20]. Human epididymis is quite 
different from that of other mammalians. The macroscopic aspect of the human 
epididymis allows the anatomically division of the duct, which includes the 
proximal region (caput), corpus and distal cauda (Fig. 7.1). This segmentation is 
also based on structural and functional parameters of each region. In most 
mammals, each region of the epididymis is structured into lobules that are 
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separated by connective tissue septa [1]. Although, histological and ultrastructural 
segmentation in humans differs among the different phylogenies of mammalians 
[10]. While the epididymis of mammals, such as mouse and rat, can be divided 
into initial segment, caput, corpus and cauda, the human epididymis is poorly 
differentiated, since no initial segment can be distinguished [21]. The human 
proximal caput is formed by efferent ducts and the presence of poorly defined and 
incomplete septa, which do not clearly demark epididymal compartments [10]. 
However, 10, 19 and 7 intraregional segments can be distinguished in the 
epididymis of the mouse, rat and human, respectively. These segments are 
separated by connective tissue septa that can establish borders for epididymal 
gene expression, protein content and epithelial responses to lumicrine factors [4, 
22]. Each anatomical region consists of a lumen and polarized epithelium, which 
are easily identified in adult mammals. Histologically, the human epididymis is a 
tube of smooth muscle lined by a pseudostratified epithelium. This duct presents 
characteristics that allow the easy recognition of the anterior and posterior border, 
since the thickness is different in the proximal and caudal segment. The caudal 
region is thinnest than the caput, whereas the luminal diameter increases from the 
caput to the distal regions [2, 23]. Moreover, from proximal to distal segments, 
the muscular wall increases from a single circular layer to three layers. 
Epididymal proximal region presents smooth muscle with slow rhythmic 
contractility, which slightly moves spermatozoa towards the vas deferens. On the 
other hand, the distal region is richly innervated by the sympathetic nervous 
system, creating intense contractions of the lower part of the epididymis during 
ejaculation [3]. The mechanism responsible for driving luminal contents has been 
attributed to the peristaltic contractions of the smooth muscle cells lining the 
epididymal tubule [24 - 26]. All the epididymal duct is also surrounded by 
interstitial components including blood vessels, lymphatic vessels, connective 
tissue septa, macrophages and lymphocytes [5]. 


Epididymal Cell Types 


The functionality of each epididymal region depends on the segment-specific 
epithelial cell populations. In fact, the specific regionalization and luminal 
environment of the different epididymal segments is ensured by the cell types that 
populate each region. 


Among the several types of epithelial cells identified in the epididymis are the 
principal, the narrow, the apical, the clear, the basal and the halo cells, surrounded 
by multiple layers of peritubular myoid cells (Fig. 7.1) [4, 5] Some of these cells 
are found throughout the duct (e.g. principal cells and basal cells), while others 
are exclusively located in specific segments (e.g. narrow cells, apical cells, clear 
cells and halo cells). Although the localization of the epithelial cell types differs 
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between species (partly due to the inconsistency of the identification methods and 
definition of the different regions in some species), in general, all the cell types 
appear to be expressed in mammalian species [27]. The establishment and 
regulation of a unique luminal environment is crucial for the maturation, 
concentration, storage and viability of spermatozoa [1, 4]. The epididymis has a 
high degree of regionalization according to the different functionalities of the 
distinct cell types. Specifically, principal cells are responsible for protein 
secretion and absorption, clear and apical cells for endocytosis, clear and narrow 
cells for the acidification of the luminal fluid, halo cells for the immune defense 
and phagocytosis, and the basal cells for the production of antioxidants [28, 29]. 
In this section, we will present a brief description of the major cell types present 
along the epididymis and their potential functions. 


Principal Cells 


The main cell type found in the epididymis are the principal cells, constituting 
approximately 80% of all the epithelium [1]. However, this percentage of 
principal cells decreases along the epididymal duct from proximal to distal [30]. 
The height of these columnar cells extends the full thickness of the epithelium, 
from the basement lamina to the lumen through prominent stereocilia (Fig. 7.1). 
Moreover, this columnar structure present in the initial region is converted into 
low cuboidal cells in the cauda epididymis [31 - 33]. Their structure and function 
dramatically differ between each segments [30, 34]. The appearance and 
organization of the secretory apparatus, such as endoplasmic reticulum, secretory 
granules and Golgi apparatus, and endocytic apparatus (vesicular bodies, 
endosomes and lysosomes) varies between each epididymal region [27]. 


Principal cells of epididymal initial region present two types of endoplasmic 
reticulum. At the base of the cell, and commonly arranged in parallel arrays, 
appears a typical flattened rough endoplasmic reticulum cisterna. The other type 
of endoplasmic reticulum appears as irregularly-shaped dilated elements, presents 
few ribosomes and is referred to as sparsely granulated endoplasmic reticulum 
[27, 31]. This latter is found in the apical and supranuclear regions of the principal 
cells, which are interconnected with each other in an opposite way to the apical 
plasma membrane on one side and Golgi apparatus on the other side [35, 36]. The 
most remarkable feature of these cells is their highly developed secretory activity. 
A large number of secreted proteins to epididymal lumen are synthesized by 
principal cells and are directly involved in the control of luminal protein 
concentrations [27]. Rough endoplasmic reticulum is associated to protein synt- 
hesis, which undergo glycosylation in the Golgi apparatus [37]. 
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Fig. (7.1). Schematic representation of human epididymal duct. It is constituted by the caput (head), corpus 
(body) and cauda (tail). The epididymal epithelium comprises a diverse set of cell types: principal, clear, 
apical, narrow, basal, halo and peritubular myoid cells. There are evident differences in the distribution of 
epithelial cells along each epididymal segment. Principal cells are the most abundant cells, being largely 
present in caput region and gradually decreasing until cauda region. Narrow and apical cells are only present 
in caput and corpus regions, and their expression decreases from the proximal to the distal segment. Clear and 
basal cells are present in all epididymal regions, though the percentage of basal cells is higher. Besides, clear 
cells are more active in the cauda epididymis. Halo cells are small cells located on the base of all the 
epithelium, but do not touch the basement membrane. Peritubular myoid cells are the cells that surround all 
the other cellular types. The diameter of the epididymal lumen, as well as the number of spermatozoa, 
increases along the epididymal duct. The epididymis presents a high secretory activity, which is variable from 
one region to the other. Here are also presented some of the main proteins secreted by the epididymal 
epithelium in each region. Abbreviations: gp20: sialylglycoprotein; ARP: AEG-Related Protein. 
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The Golgi apparatus in principal cells also varies between each epididymal 
region. The initial region contains some elaborated Golgi stacks made up of a cis 
Golgi network, some flattened saccules and several trans Golgi networks [36]. In 
the intermediate zone, the saccules of the Golgi stack are strongly tubular and 
fenestrated in appearance and show fewer trans Golgi networks [30, 38]. Principal 
cells of the initial region contain vesicular tubular aggregates in their supranuclear 
region, which are derived from the sparsely granulated endoplasmic reticulum that 
surround them [35, 36]. These vesicular tubular aggregates transport proteins to 
the cis Golgi network. The proteins pass the Golgi stacks of saccules, where they 
are glycosylated, and are segregated into secretory granules formed in the trans 
Golgi networks. Secretory granules reach and fuse with the apical cell surface to 
deliver their contents into the lumen [35]. Principal cells present on their apical 
surface coated pits and on their subsurface lysosomes, coated vesicles, 
multivesicular bodies and endosomes. There is enough evidence supporting the 
current theory that these structures gradually convert into one another [34]. 
Similarly, lysosomes also structurally differ along the epididymis, due to the 
expression of the different lysosomal enzymes. These enzymes are transported by 
lysosomes via small coated vesicles derived from the Golgi apparatus. Some of 
these vesicles may bind to cell surface [27, 39, 40]. In the intermediate zone, 
principal cells show similar endocytic organelles, as found in other regions of the 
epididymis, with the exception of endosomes. This suggests a possibly different 
function for principal cells of this region in relation to their endocytic activity 
[38]. 


Narrow Cells 


Narrow cells are the slender elongated cells that only appear within the epithelium 
of the initial region and intermediate zone of the epididymis (Fig. 7.1) [41, 42]. 
They constitute 3% of the total epithelial cells in the initial region, increasing to 
6% in the intermediate segment [27]. The cytoplasm of these cells tapers between 
principal cells as it touches the basement membrane, but its apical cytoplasm may 
bulge slightly into the lumen [43]. They are characterized by several apically 
located cup-shaped vesicles and mitochondria, presenting a small flattened 
nucleus found in the upper half of the cell cytoplasm. Narrow cells are involved in 
endocytosis and in the process of intracellular transport between the epididymal 
lumen and the epithelial cells [43]. These cells are crucial for the degradation of 
specific proteins and carbohydrates within their lysosomes and for the protection 
of spermatozoa against an electrolytic imbalance [15, 42]. Narrow cells are 
different from the other epididymal cells in their morphological appearance, 
distribution and expression of different proteins, such as the glutathione S- 
transferases (GSTs) and lysosomal enzymes [42]. 
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Apical cells constitute approximately 10% of the initial region epithelium and 
approximately 1% of the total epithelium of the intermediate segment [41, 42]. 
They are characterized by the presence of many mitochondria in the apical 
cytoplasm, by few microvilli at the luminal border and by a spherical nucleus that 
is located in the upper half of the cell cytoplasm. These cells do not contact with 
the basement membrane [15]. Clearly, apical cells differ from adjacent narrow 
and principal cells concerning their protein expression profile. Although little is 
known about the specific functions of these cells, a possible role has been 
suggested in relation to the maintenance of sperm quiescence and pH regulation in 
the lumen, through the production of enzymes of the carbonic anhydrase family 
[44] (see Chapter 8). 


Clear Cells 


Clear cells are evenly distributed rough the caput, corpus and the cauda of the 
epididymis, constituting fewer than 5% of the total epithelial cell population [15, 
27]. These cells are known to be responsible for endocytosis, and they were 
proposed to play an essential role in the removal of factors from the lumen. They 
are characterized by the lack of microvilli, an apical region with several coated 
pits, vesicles, endosomes, multivesicular bodies, lysosomes, as well as a basal 
region presenting the nucleus and a variable amount of lipid droplets [32, 45]. 
Clear cells are the epididymal cells with the major endocytic activity and they are 
particularly active in the cauda epididymis [45, 46]. Spermatozoa crossing the 
epididymis release cytoplasmic droplets that usually are taken up by the clear 
cells [45]. These cytoplasmic droplets are created at the time of sperm release and 
contain Golgi saccular components that can be related to alterations of the sperm 
plasma membrane [47]. These cells are also responsible for the clearance of 
proteins from the epididymal lumen and participate in the regulation of luminal 
fluid acidification [45]. 


Basal Cells 


Basal cells are triangular and flat cells located on the basal side of the epithelium 
[48]. They are present in all epididymal segments, and constitute 15%-—20% of the 
total epithelium [27, 30, 49]. Basal cells do not access the luminal compartment 
and are in close association with the overlying principal cells, as indicated by the 
presence of basal cell cytoplasmic extensions between principal cells. Thus, basal 
cells may regulate principal cells functions [48, 50]. Basal cells possess coated 
pits on the plasma membrane, suggesting a function associated with receptor- 
mediated endocytosis of factors from the blood or principal cells. They also assist 
the regulation of electrolyte and water transportation [48, 51]. Basal cells present 
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an accumulation of secretory vesicles within mid and trans Golgi saccules and 
distinct secretory granules that appear next to the Golgi apparatus. These 
secretory granules may be used to regulate cell function or enter the circulation to 
perform functions yet to be determined [27]. Some reports have suggested that 
basal cells may have an important role in the epithelial immune system and in the 
regulation of electrolytes by principal cells, but the exact roles for these cells are 
not yet clear [15]. 


Halo Cells 


The halo cells, which are present throughout the epididymal epithelium, are 
characterized by its small dense nucleus surrounded by a very pale cytoplasm 
[30]. These cells are located in the base of the epithelium and they do not touch 
the basement membrane [15]. Rough endoplasmic reticulum is not frequently 
found in these cells, but free ribonucleoprotein particles and occasional 
polyribosome rosettes are normally dispersed throughout the cytoplasm, as well as 
large mitochondria and occasional multivesicular bodies [31]. Halo cells appear to 
be the primary immune cell in the epididymis [52], having been described either 
as lymphocytes [30] or monocytes [53]. 


Functions of Mammalian Epididymis 


The mammalian epididymis is a complex tubule that comprises several important 
functions: transport of spermatozoa; development of sperm functional maturation 
(acquisition of motility and fertilizing ability); maintenance of BEB to establish 
the specialized luminal environment required for sperm protection; and storage of 
sperm in a quiescent, but viable, state until ejaculation [6]. The absence or 
depletion of any of these functions may be a significant factor for male infertility 
[15]. The major function of the adult epididymis is to provide the optimal 
conditions to ensure the transport of maturing sperm along the duct, culminating 
in the development and conservation of fertilization. 


Spermatozoa released from the seminiferous tubules are transported through the 
rete testis and efferent ducts until begin their course along the epididymis. This 
transport occurs against an increasing hydrostatic pressure gradient from 
seminiferous tubules to cauda epididymis [12]. The duration of this process is 
variable and dependent on the species, size of the duct, and number of produced 
spermatozoa. Usually, the standard transit time of mammals’ spermatozoa through 
the epididymis is between 10 and 12 days [30]. However, in humans the sperm 
transit is relatively more rapid (2-4 days) [54]. The progression of spermatozoa 
within the epididymal luminal fluid is a dynamic process controlled by the 
electrical and contractile activity of the epididymal duct [55, 56]. The rate of 
luminal fluid is not uniform in all epididymal segments and the progression 
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decreases from proximal to distal regions and vas deferens [25]. In fact, there are 
frequent contractions of smooth muscle fibers along the caput and corpus regions, 
whilst cauda epididymis exhibit low-frequency segmental contractions [26, 57]. 
The smooth muscle contractions that cause movement of sperm along the 
epididymal duct are influenced by some hormonal and neuronal factors. For 
instance, epididymal cells express specific receptors for oxytocin, vasopressin and 
endothelin [58, 59]. It has been described that these neurohypophysial peptides 
can increase epididymal contractility [60, 61]. Interestingly, the effects of 
oxytocin may be interplayed with estrogens, since these hormones demonstrated 
an upregulation of both gene and protein expression of oxytocin receptor in rabbit 
epididymis [62]. It is also known that testosterone is able to control the 
contractility of the epididymal duct to ensure a right rate of sperm transport [15]. 
Moreover, previous studies have suggested that prostaglandins are important 
regulators of proximal epididymis contractions, thus regulating epididymal 
motility and sperm transport [63]. 


The acquisition of sperm motility and fertilizing ability are the maturational 
events that occur within the epididymis, mostly in caput and corpus segments 
[15]. The distal cauda is essentially a storage site for functionally mature 
spermatozoa [1]. Maturation implicates biochemical and morphological 
alterations in the sperm surface caused by epididymal secretions of proteins, 
glycoproteins and enzymes that are essential in the process of fertilization [64] 
(see below). During this maturational process several sperm characteristics 
change. An evident change in epididymal sperm is the shedding of the 
cytoplasmic droplet. Sperm in the cauda epididymis still possesses the droplet of 
residual cytoplasm that remains after the reshaping of the cell during 
spermiogenesis. In most species, the droplet moves distally along the flagellum 
during epididymal passage and is shed prior to or during ejaculation [65]. The 
appearance and topographical configuration of the sperm plasma membrane also 
changes during its passage through the epididymis, involving a reduction in size 
to facilitate ejaculation, the alteration of the shape of the apical segment, changes 
in the appearance of the acrosomal contents [66], and in the density and 
distribution of membrane constituents [67]. For instance, there is a selective and 
progressive loss of phospholipids that results in an elevated amount of cholesterol. 
This alteration is associated with the stabilization of the membrane of the mature 
sperm for storage in the cauda epididymis [68]. Sperm epididymal maturation also 
includes the activation of motility. Testicular spermatozoa are immotile, just 
exhibiting a faint twitch of the flagellum, while spermatozoa released by the 
cauda of epididymis move progressively and vigorously forward (see Chapter 9) 
[15]. 
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The cauda epididymis is where spermatozoa remain stored in appropriated 
conditions until ejaculation. Spermatozoa can be stored in the cauda epididymis 
during days or weeks and retain their functions [69, 70]. This feature makes the 
amount of spermatozoa in the ejaculate more controllable and less dependent on 
testicular production, which can be normally maintained while spermatozoa are 
transported to the epididymis [71]. The survival of spermatozoa in the cauda 
epididymis is species-specific and is also dependent on the temperature of 
incubation [14]. In scrotal mammals, the combination of a unique luminal milieu 
and lower temperatures (30-32 °C) is thought to be major contributor to sperm 
survival. However, if spermatozoa are removed from the cauda epididymis and 
incubated at 32 °C in vitro, their fertility and viability are measured in hours rather 
than days. This caudal region is also responsible for the removal or sequestration 
of degenerating spermatozoa in order to protect the viable spermatozoa [14]. This 
is an important function because some attrition of sperm is likely during storage 
and the release of enzymes from dead sperm could damage the remaining sperm 
[72]. It is known that epididymal caudal region presents mechanisms to remove or 
sequestrate these degenerating spermatozoa [14]. Generally, defective sperm is 
marked for phagocytosis by the protein ubiquitin that is produced by the 
epididymis [73]. Although the mechanisms of sperm survival in the distal 
epididymis are still poorly understood, the characteristic sperm chromatin by itself 
creates a defense mechanism against possible damages during sperm epididymal 
transit due to its high condensation (see Chapter 9). This is the process that makes 
spermatozoa in the distal region quiescent cells, i.e., transcriptionally and 
translationally silent [9]. It has been suggested that pH control is also essential for 
storage of quiescent spermatozoa for long periods [74, 75] (see Chapter 8). It 
involves the control of luminal epididymal fluid composition, which includes a 
complex mixture of water, inorganic ions, small organic molecules and proteins 
[76]. The composition of epididymal lumen is crucial not only for maturation, but 
also for protection and storage of epididymal spermatozoa. 


The proper functionality of the spermatozoa also requires a delicate balance in 
ROS production and recycling. Spermatozoa need to be protected from damage 
caused by OS and immune system, while their motility needs to be suppressed 
until it is required to conserve energy and maintain structural integrity [71]. Thus, 
sperm redox activity is physiologically important in promoting normal sperm 
function [77]. In fact, small amounts of ROS are required for sperm capacitation, 
hyperactive motility and acrosome reaction (see Chapter 10) [78]. However, to 
avoid premature capacitation, epididymal spermatozoa should be protected from 
ROS during their storage at cauda epididymis. Spermatozoa are particularly 
susceptible to ROS damages due to the high concentration of polyunsaturated 
fatty acids (PUFAs) in their plasma membranes [13]. When the uncontrolled 
production of ROS exceeds the antioxidant capacity of spermatozoa, all cellular 
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components including lipids, proteins, nucleic acids, and sugars are potential 
targets of OS [79]. Thus, the production of ROS by spermatozoa correlates with 
lipid peroxidation, DNA oxidation, poor sperm quality and reduced fertility [80, 
81]. The epididymis possesses the enzyme glutathione-S-transferase (different 
expression and activity among epididymal regions), which is part of the 
machinery used to protect the sperm from OS or to help maintaining quiescence 
by inhibiting ROS, which could trigger premature capacitation [82]. Another 
important structure to protect spermatozoa is the BEB, which is created by tight 
junctions between epididymal epithelial cells. It functions as a selective barrier to 
protect maturing spermatozoa and control the luminal fluid microenvironment. 
The BEB creates a defense mechanism that protects spermatozoa from the 
immune system, harmful xenobiotics and excessive ROS [15, 83]. The isolation 
of the epididymal lumen from the rest of the body is vital because certain sperm 
proteins are recognized as foreign objects by the immune system [84]. However, 
since immune cells are isolated from the epididymal lumen, it is required an 
alternative method to protect the spermatozoa against harmful microorganisms. 
With the high incidence of sexually transmitted infections and deleterious effects 
on fertility in humans, increased interest towards such factors has arisen [85]. It 
has been described that genes expressed in the epididymis encoding cysteine-rich 
secreted proteins are not only involved in sperm maturation, but also have 
antimicrobial properties [86 - 88]. However, further studies will be needed to 
clarify these findings. 


EPIDIDYMAL PROTEINS AND THEIR FUNCTIONS 


The fluid secreted by the seminiferous tubules (see Chapter 8), which contains a 
wide range of proteins, is mainly reabsorbed when reaching the initial region of 
epididymis. However, it is known that this tubule has also a great secretory 
activity [10]. Consequently, most proteins found in epididymal fluid are secreted 
by the epididymal epithelium (Fig. 7.1) [9]. Many luminal proteins may not play 
direct roles in sperm maturation, but rather help to create the appropriate 
environment that is conducive for this process to occur [89]. The formation of this 
luminal environment is the result of net secretory and absorptive processes of the 
epithelium, which continually changes along the duct [11]. Thus, epididymal 
proteins are involved in the regulation of luminal pH, osmolality, regulation of OS 
and regulation of protein folding/misfolding. There are also mechanisms to 
remove secreted proteins from the lumen, presumably once their functions have 
been carried out or if misfolding occurs [90]. 


Epididymal protein production can occur by two different mechanisms of 
apocrine secretion. Epididymis can release secretory products in bulk through 
apical blebs, or integral membrane proteins injected with epididymosomes can 
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fuse with sperm plasma membrane. Apical blebs are balloon-like structures that 
can be attached to the apical membrane by thin stalks or exist as free vesicles 
within the epididymal lumen [27]. This type of vesicles contains free ribosomes 
and cisternae of endoplasmic reticulum, and is mostly found in the initial and 
distal epididymal regions. When reaching the middle of the epididymal lumen, the 
apical blebs are believed to disintegrate to release their contents as near as 
possible of spermatozoa, without necessarily having to bind to the spermatozoa 
[91]. Concerning epididymosomes, these are electron dense vesicles with about 
50-500 nm in diameter [92]. Epididymosomes-associated proteins are not 
processed through the endoplasmic reticulum and Golgi apparatus, being 
characterized by unusual glycosylation patterns. These vesicles contain lipid rafts 
(cholesterol and phospholipid-enriched microdomains), where 
glycosylphosphatidylinositol (GPI)-anchored and transmembrane proteins are 
contained, as well as signaling molecules such as protein tyrosine kinases [93]. 
Epididymosomes originate from the various regions of the epididymis and have 
corresponding differences in protein composition. These exosomes provide a way 
of transferring the proteins secreted by the epididymal epithelium to a maturing 
sperm membrane [92]. 


There are several types of proteins described in human epididymis, which are 
classified according to their function. However, there are also many epididymal 
proteins, which functions remain to be identified. Some epididymal secreted 
proteins are related to the interaction between the male and female gametes, 
including the binding of sperm to zona pellucida of the oocyte and sperm-egg 
fusion [23]. The main proteins involved in the interaction of the spermatozoon 
with zona pellucida are: P34H (34 kDa) [94], B-hexosaminidase (65 kDa) [95], 
4A8 (110 kDa) [96], 1G12 (15-25 kDa) [97] and SOB3 (18-19 kDa) [98]. 
Capacitated spermatozoa interact with zona pellucida through sperm receptors 
that recognize glycoconjugates in zona pellucida (see Chapter 10). P34H is a 
protein of epididymal origin predominantly secreted by the principal cells in the 
proximal and distal regions of the epididymal corpus [94]. The expression of this 
protein has been detected in the acrosomal cap of human spermatozoa recovered 
from the caput, but the expression is higher in the cauda epididymis. The 
expression of P34H in sperm is lost during the acrosome reaction, suggesting that 
P34H is an epididymal protein involved in sperm interaction with zona pellucida 
[99]. B-Hexosaminidase is a glycosidase that hydrolyses the non-reducing 
terminal N-acetylglucosamine (GlcNAc) residues from B-glycosidic boundaries in 
several glycoconjugates [95]. It has been described that GlcNAc residues are 
involved on the interaction of human sperm and zona pellucida. When placing 
capacitated spermatozoa in contact with bovine serum albumin (mechanism that 
resembles the contact with zona pellucida), non-reducing terminal GlcNAc 
triggers the acrosome reaction [100]. However, the mechanisms by which this 


Biochemistry of Epididymis Andrology: Current and Future Developments, Vol. 1 191 


epididymal enzyme is involved on the sperm-zona pellucida interaction remains 
to be fully elucidated. The 1G12 protein stands out for its ability to immobilize 
and agglutinate human spermatozoa [97], whereas SOB3 is involved in secondary 
binding to the zona pellucida [98]. 


In relation to the process of sperm-egg fusion, there are numerous proteins 
involved, such as: AEG-Related Protein (ARP-30 kDa) [101], SOB2 (17.5, 18 and 
19 kDa) [102], FLB1 (94-100 kDa) [102], sialylglycoprotein (gp20-20 kDa) 
[103], epithelial cadherins (120-130 kDa) and fibronectin (30-35 kDa) [104]. ARP 
belongs to the cysteine-rich secretory protein (CRISP) family members that 
contains a highly conserved cluster of cysteines near the carboxyl-terminus. ARP 
is secreted by epithelial cells of epididymis and has been detected on the human 
sperm head after the acrosome reaction. Human oocytes present in their surface 
the presence of complementary sites to ARP [101]. Therefore, this suggests a role 
for ARP in human’s sperm-egg fusion. While SOB2 is expressed in spermatozoa 
of the caput and corpus epididymis [102], FLB1 is detected in some ejaculated 
spermatozoa [102], and gp20 is founded in principal cells of the epididymis 
epithelium and in capacitated spermatozoa [103]. Cadherins are a family of cell 
adhesion molecules known to bind to other cadherins located on adjacent cells 
[105]. These proteins are dependent on ion calcium and are related with several 
signal transduction pathways through tyrosine kinases associated with adhesion 
sites [106]. Epithelial cadherins were identified in human epididymal epithelium 
and on the surface of both human gametes [107], thus suggesting a possible role 
in sperm-egg interaction. Fibronectin, human egg plasma membrane and 
spermatozoa contain an RGD (Arg-Gly-Asp) sequence that is essential to the 
binding and penetration of human spermatozoa into the oocyte [108 - 110]. 
Fibronectin has been identified as an epididymal secretory protein and can be a 
marker of human sperm maturation [111]. 


Additionally, six major secretory proteins of human epididymal epithelial cells 
have been identified as HE1-HE6 [23]. HE1 is the major secretory glycoprotein of 
the human epididymis (25-27 kDa), being detected in high amounts in the corpus 
epididymal epithelium, as well as in the cauda epididymal fluid [112]. It is 
estimated that this protein is involved in cholesterol transport, since it contains a 
N-terminus almost identical to the same amino acid sequence of ram lipid transfer 
proteins [23]. Therefore, HE1 may represent a decapacitation factor that control 
the cholesterol content of sperm during maturation, storage and capacitation 
[113]. HE2 is a small secretory protein (10 kDa), specifically produced by the 
proximal region of epididymal epithelium [113]. This protein is considered the 
human sperm antigen due to its localization in the acrosome and equatorial 
regions of the sperm. In addition, it has been suggested that HE2 might be 
involved in gamete fusion [114]. Similarly to HE2, HE3 is abundant in proximal 
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region, and is poorly conserved among mammals, therefore its role in sperm 
maturation is speculative [23]. HE4 is a small acidic secretory protein (10 kDa) 
with structural similarity to secretory leukocyte proteinase inhibitor of seminal 
plasma. HE4 has a generalized expression in epididymis and over the entire 
surface of spermatozoa [113]. Dissociation of HE4 from the spermatozoa during 
capacitation suggested that HE4 also act as a decapacitating factor [64]. HES (23- 
37 kDa) was found to be abundant in the epithelial cells of the distal epididymis 
and in spermatozoa. This protein is identical to the CD52 antigen, which is 
expressed on the cell surface of human lymphocytes [115]. Different from the 
others HE, which bind loosely to sperm, HE5/CD52 is linked to the sperm 
membrane in the cauda of epididymis via a GPI anchor. Therefore, HES may have 
a role in protecting spermatozoa from immune system along maturation, storage 
and fertilization [112]. HE6 is expressed mainly in epithelial cells lining the caput 
region of human epididymal duct. The amino acid sequence of HE6 has homology 
with the seven transmembrane-domain (Tm7) receptor superfamily, majority with 
G-protein coupled cell surface hormone receptors and with low homology to the 
secretin/VIP family. This protein may be involved in the signal transduction 
mechanisms, thought the exact mechanisms remain largely unknown [116]. 
Furthermore, clusterin is an abundant glycoprotein, also secreted by the caput 
region of the epididymis that is associated with sperm, suggesting a role in sperm 
maturation [117]. GP83 is located in the corpus and cauda epididymis, 
specifically in the supranuclear region and cell membrane of principal cells as 
well in the luminal content and spermatozoa [118]. The epididymis produces and 
secretes several proteins with a wide range of functions, but mainly associated to 
spermatozoa maturation. This illustrates the essential role for the proper 
functionality of this organ to a successful fertilization. However, the epididymal 
proteome and secretome need to be further investigated in order to understand the 
involved mechanisms in the processes that occur in the epididymis. 


BIOCHEMICAL CONTROL OF SPERM MODIFICATIONS/SPERM 
MATURATION 


During epididymal transit, spermatozoa undergo several morphological and 
biochemical changes (Box 7.1). Among the major modifications are included: (1) 
changes in the composition of plasma membrane glycoproteins and sterols [119]; 
(2) extensive cross-linking of nuclear protamines by disulfide bonds [120]; (3) an 
increase in total surface negative charge; (4) relocation of surface antigens; and 
(5) addition, elimination or modification of surface proteins [92]. These 
alterations are behind the control of sperm maturational process. In addition, other 
events also occur in spermatozoa during epididymal transit and are essential for 
the acquisition of forward motility and fertilizing ability [2]. The attainment of 
motility is progressive along the epididymis and is the clearest evidence of sperm 
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maturation. In fact, a gradual increase in the percentage of motile spermatozoa 
recovered from the caput, corpus and cauda regions of the epididymis has been 
demonstrated [121]. The motile capacity of spermatozoa is mostly regulated by 
the interaction with the epididymal milieu. However, intrinsic sperm proteins 
actively contribute to this process (see Chapter 9). Though, the concept of sperm 
maturation goes far beyond motility. In fact, it is generally reflected by the 
acquisition of spermatozoa fertilizing ability, which is only fully attained when 
reaching the proximal cauda epididymis [122]. Generally, it refers to the ability of 
the spermatozoon to fuse with a physiologically normal and structurally intact 
oocyte, either in vivo or in vitro [123]. Sperm maturation involves several changes 
in the sperm plasma membrane in response to epididymal secretions and their 
numerous proteins (as described above) [6]. Interestingly, analytic data of 
epididymal secretome reported the presence of 408 proteins in the epididymal 
intraluminal compartment. Among those, 207 were also detected on spermatozoa, 
which reinforces the interaction between epididymis and spermatozoa [124]. Even 
though some of these proteins can be of testicular origin or secreted by both the 
epididymis and the prostate [125], it became clear that spermatozoa acquire new 
proteins during epididymal transit [23]. This affirmation is supported by the fact 
that most proteins of testes-released spermatozoa are assimilated until the 
developing germ cells reach the elongated spermatid stage, since at this moment 
sperm DNA starts to condensate, ceasing spermatozoa biosynthetic capacity 
[126]. Therefore, the attainment of proteins by epididymal spermatozoa is 
mediated by the interaction between the spermatozoa proteins acquired during 
spermatogenesis and proteins from the epididymal duct [8]. This interaction may 
occur by different mechanisms: loose binding, that potentially maintains 
quiescence; tight binding, needed for the interaction with the oocyte in the female 
tract; | post-membrane-insertion modification of membrane proteins 
(masking/unmasking); or functioning within the epididymal lumen in order to 
maintain the proper environment [6]. The proteins that spermatozoa assimilate 
during their transit along the epididymal duct are classically referred to as 
“coating proteins”, since they can be removed by washing with isotonic or 
hypertonic solutions [123]. Epididymal sperm-coating proteins may exert their 
effects on maturating-spermatozoa or become functional only in the female tract. 
Some of the epididymal secretory proteins are known as “decapacitation factors”, 
since they contribute to the stabilization of the sperm plasma membrane, 
preventing the occurrence of premature capacitation [127]. Contrastingly, other 
proteins have been related to the ability of spermatozoa to recognize and bind to 
the zona pellucida and oocyte plasma membrane (see Chapter 10) [128 - 130]. 
These proteins are incorporated in sperm plasma membrane, thus acting as 
integral-like proteins [123]. One of the main examples of this latter category are 
the GPI-anchored proteins expressed by epididymal cells. These proteins are 
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inserted in sperm plasma membrane as they pass through the epididymis in a 
mechanism mediated by epididymosomes [14]. However, the mechanisms used 
by the epididymosomes to transfer their contents into the sperm plasma membrane 
are not yet fully understood. 


Box 7.1 | Summary 


e Sperm concentration, i.e., reduction in the volume of sperm nuclei: loss of 
water, increase in the formation of disulphide bonds, alteration of the shape of 
the apical segment, changes in the appearance of the acrosomal contents, and 
changes in the density and distribution of membrane constituents (e.g. 
phospholipids, cholesterol) for membrane stabilization; 

e Increase in total surface negative charge; 

e Relocation of surface antigens; 

e Addition, elimination or modification of surface proteins: epididymis secretes 
several proteins that through apical blebs or epididymosomes reach the sperm 
surface, becoming a coating protein or an integral membrane protein, 
respectively; 

e Spermatozoa acquire the ability to move and to fuse with the oocyte (fertilizing 
ability). 


The unique luminal environment of epididymis is among the main regulators of 
sperm maturation. All regions of the epididymis provide aeration, nourishment, 
waste removal and physical/biochemical protection for the sperm [6]. The process 
of sperm maturation is androgen-dependent. In fact, testosterone is found at much 
higher concentrations in the intraluminal fluid of the proximal epididymis than the 
levels found in circulation [131]. After reaching the epididymal fluid, testosterone 
is rapidly endocytosed by principal cells, which rapidly metabolize it to 
dihydrotestosterone (most active androgen) by the action of 5a-reductase [132]. 
Epididymis also contain the P450 aromatase that transforms androgens to 
estradiol [133]. Thus both the androgens and estrogens are behind the control of 
epididymal gene expression, which is crucial for sperm maturational process. 
Moreover, the characteristic atmosphere of epididymis is not only dependent on 
the secretion and absorption of several proteins and ions by the epithelium, but 
also on the selective transport of molecules across the BEB [134, 135]. This 
barrier creates a seal between the epididymal cells that leads to a selective 
transport of molecules across the epididymal epithelium [136]. The composition 
of the epididymal luminal fluid is associated with another mechanism for altering 
sperm integral membrane proteins. It has been demonstrated that some integral 
membrane proteins were not detectable on sperm from epididymal proximal 
regions, but were detectable on sperm recovered from the cauda epididymis or 


Biochemistry of Epididymis Andrology: Current and Future Developments, Vol. 1 195 


ejaculated sperm [6]. Since spermatozoa are transcriptionally and translationally 
silent, it was proposed an unmasking mechanism on mature sperm proteins related 
to changes in glycosylation (the attachment of sugar moieties to proteins) [6]. 
Moreover, the enzymes involved in glycosylation are only minimally active at the 
relatively basic pH of the epididymal fluid [137]. The optimal pH for many 
enzymes is modified by the present substrates, thus the luminal composition on 
each epididymal segment influences the activity of these enzymes and the level of 
glycosylation. A clear example is the spermatozoal fucosyltransferase activity 
which is higher in rat sperm harvested from the distal caput and lower in sperm 
harvested from more distal regions [137]. 


Several molecules expressed in the adult epididymis may also regulate epididymal 
functions, and consequently sperm maturation. Some examples include the 
reproductive homeobox X-linked (Rhox) genes and sonic hedgehog (Shh). 
Particularly, Rhox5 seems to be involved in sperm motility acquisition, since 
spermatozoa from mice lacking Rhox5 exhibited reduced fertility in part because 
of impaired motility [138]. The inhibition of Shh pathway led to a reduced ability 
of mouse spermatozoa from cauda epididymis to initiate motility [139]. The fox 
(forkhead box) transcription factors also carry out multiple roles in the 
epididymis. The Foxa2 is involved in the responsiveness of several gene 
promoters to steroid hormones [140]. Moreover, the expression of FoxIl by 
epididymis is important for normal sperm function. In fact, it has been 
demonstrated that mice lacking this protein present a high incidence of tail 
angulation and a decreased ability to migrate through the female tract resulting in 
decreased fertility [141]. The acidification of the epididymal lumen requires the 
function of the vacuolar H’-ATPase proton pump and is necessary for sperm 
maturation [142, 143]. Since FoxI1 is involved in the regulation of vacuolar H’- 
ATPase proton pump, the decreased fertility observed in mice lacking FoxI1 may 
reflect impaired epididymal sperm maturation as a result of increased luminal pH 
[141]. Overall, the biochemical control of sperm modifications during maturation 
is not only dependent on hormones (like androgens), but also on luminal proteins, 
lipids, signaling molecules and transcription factors. 


CONCLUDING REMARKS 


The epididymis is the male accessory organ responsible for spermatozoa 
maturation after being released from the seminiferous tubules. This physiological 
complex duct is also a site of storage of mature spermatozoa until they are 
expelled at the moment of ejaculation. During spermatozoa transit through the 
epididymis, they encounter a constantly-changing and dynamic luminal 
microenvironment. The proper composition, pH and osmolality of epididymal 
fluid in each epididymal region is mainly controlled by the BEB, and is essential 
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for the acquisition of sperm motility and fertilizing ability. Although the 
mechanisms underlying the morphological and biochemical alterations involved 
in sperm maturation have to be further disclosed, in recent years, there was a 
substantial increase in the understanding of the functions of several epididymal 
proteins and their interaction with the proteinaceous spermatozoa coat. These 
proteins are crucial not only for the progression of spermatozoa from an immotile 
immature state in epididymal proximal regions, to a fully functional mature state 
in distal regions, but also for sperm-egg fusion, evidencing the importance of this 
tubule to male fertilization. 


CONFLICT OF INTEREST 


The authors confirm that they have no conflict of interest to declare for this 
publication. 


ACKNOWLEDGEMENT 


This work was supported by the “Fundação para a Ciência e a Tecnologia”—FCT 
(PTDC/BBB-BQB/1368/2014), CICS (UID/Multi/00709/2013), UMIB (PEst- 
OE/SAU/UI0215/2014) and REQUIMTE (UID/QUI/50006/2013); and of FEDER 
through the POPH and POCI - COMPETE 2020 (POCI-01-0145-FE- 
ER-007491) funds. Tania R. Dias (SFRH/BD/109284/2015) and Raquel L. 
Bernardino (SFRH/BD/103105/2014) were also funded by FCT. 


REFERENCES 
[1] Cornwall GA. New insights into epididymal biology and function. Hum Reprod Update 2009; 15(2): 
213-27. 


[http://dx.doi.org/10.1093/humupd/dmn055] [PMID: 19136456] 


[2] Toshimori K. Biology of spermatozoa maturation: an overview with an introduction to this issue. 
Microsc Res Tech 2003; 61(1): 1-6. 
{http://dx.doi.org/10.1002/jemt. 10311] [PMID: 12672117] 


[3] Kent M. Male Reproductive System Human anatomy. McGraw-Hill 2001; pp. 697-724. 


[4] Shum WW, Ruan YC, Da Silva N, Breton S. Establishment of cell-cell cross talk in the epididymis: 
control of luminal acidification. J Androl 2011; 32(6): 576-86. 
(http://dx.doi.org/10.2164/jandrol.111.012971] [PMID: 21441423] 


[5] Mital P, Hinton BT, Dufour JM. The blood-testis and blood-epididymis barriers are more than just 
their tight junctions. Biol Reprod 2011; 84(5): 851-8. 
{http://dx.doi.org/10.1095/biolreprod. 110.087452] [PMID: 21209417] 


6] Marengo SR. Maturing the sperm: unique mechanisms for modifying integral proteins in the sperm 
8 

plasma membrane. Anim Reprod Sci 2008; 105(1-2): 52-63. 

[http://dx.doi.org/10.1016/j.anireprosci.2007.11.018] [PMID: 18255240] 


[7] Guyonnet B, Dacheux F, Dacheux JL, Gatti JL. The epididymal transcriptome and proteome provide 
some insights into new epididymal regulations. J Androl 2011; 32(6): 651-64. 
[http://dx.doi.org/10.2164/jandrol.111.013086] [PMID: 21764898] 


Biochemistry of Epididymis Andrology: Current and Future Developments, Vol. 1 197 


[8] 


[11] 


[12] 


[15] 


[16] 


[22] 


Dacheux JL, Gatti JL, Dacheux F. Contribution of epididymal secretory proteins for spermatozoa 
maturation. Microsc Res Tech 2003; 61(1): 7-17. 
(http://dx.doi.org/10.1002/jemt. 10312] [PMID: 12672118] 


Gatti JL, Castella S, Dacheux F, et al. Post-testicular sperm environment and fertility. Anim Reprod 
Sci 2004; 82-83: 321-39. 
{http://dx.doi.org/10.1016/j.anireprosci.2004.05.011] [PMID: 15271463] 


Sullivan R, Mieusset R. The human epididymis: its function in sperm maturation. Hum Reprod Update 
2016; 22(5): 574-87. 
[http://dx.doi.org/10.1093/humupd/dmw015] [PMID: 27307387] 


Sullivan R, Frenette G, Girouard J. Epididymosomes are involved in the acquisition of new sperm 
proteins during epididymal transit. Asian J Androl 2007; 9(4): 483-91. 
{http://dx.doi.org/10.1111/j.1745-7262.2007.00281.x] [PMID: 17589785] 


Foldesy RG, Bedford JM. Biology of the scrotum. I. Temperature and androgen as determinants of the 
sperm storage capacity of the rat cauda epididymidis. Biol Reprod 1982; 26(4): 673-82. 
{http://dx.doi.org/10.1095/biolreprod26.4.673] [PMID: 7082731] 


Lenzi A, Gandini L, Picardo M, Tramer F, Sandri G, Panfili E. Lipoperoxidation damage of 
spermatozoa polyunsaturated fatty acids (PUFA): scavenger mechanisms and possible scavenger 
therapies. Front Biosci 2000; 5: E1-E15. 

[PMID: 10702376] 


Jones R. Sperm survival versus degradation in the Mammalian epididymis: a hypothesis. Biol Reprod 
2004; 71(5): 1405-11. 
[http://dx.doi.org/10.1095/biolreprod.104.031252] [PMID: 15215193] 


Robaire B, Hinton BT, Orgebin-Crist M-C. The epididymis. Phys Rep 2006; 1071-48. 
[http://dx.doi.org/10.1016/B978-0125 15400-0/50027-0] 


Hinton BT, Lan ZJ, Lye RJ, Labus JC. Regulation of epididymal function by testicular factors: the 
lumicrine hypothesis The testis. Springer 2000; pp. 163-73. 


Rodriguez CM, Kirby JL, Hinton BT. The development of the epididymis The Epididymis: From 
Molecules to Clinical Practice. New york: Kluwer Academic/Plenum Publishers 2002; pp. 251-67. 
{http://dx.doi.org/10.1007/978-1-4615-0679-9 14] 


Takano H, Abe K, Ito T. [Changes in the mouse epididymis after ligation of the ductuli efferentes or 
proximal epididymal duct: qualitative and quantitative histological studies (authors transl)]. Kaibogaku 
Zasshi 1981; 56(2): 79-90. [Changes in the mouse epididymis after ligation of the ductuli efferentes or 
proximal epididymal duct: qualitative and quantitative histological studies (author's transl)]. 

[PMID: 7293728] 


Turner TT, Gleavy JL, Harris JM. Fluid movement in the lumen of the rat epididymis: effect of 
vasectomy and subsequent vasovasostomy. J Androl 1990; 11(5): 422-8. 
[PMID: 2254175] 


Maneely R. Epididymal structure and function: a historical and critical review. Acta Zoologica 1959; 
40: 1-21. 
{http://dx.doi.org/10.1111/j.1463-6395.1959.tb00389.x] 


Turner TT. De Graafs thread: the human epididymis. J Androl 2008; 29(3): 237-50. 
[http://dx.doi.org/10.2164/jandrol.107.004119] [PMID: 18222912] 


Turner TT, Johnston DS, Finger JN, Jelinsky SA. Differential gene expression among the proximal 
segments of the rat epididymis is lost after efferent duct ligation. Biol Reprod 2007; 77(1): 165-71. 
[http://dx.doi.org/10.1095/biolreprod.106.059493] [PMID: 17377138] 


198 


[26] 


[27] 


[29] 


[30] 


Andrology: Current and Future Developments, Vol. 1 Dias and Bernardino 


Lasserre A, Barrozo R, Tezon JG, Miranda PV, Vazquez-Levin MH. Human epididymal proteins and 
sperm function during fertilization: un update. Biol Res 2001; 34(3-4): 165-78. 
[http://dx.doi.org/10.4067/S07 16-97602001000300004] [PMID: 11715855] 


Jaakkola UM, Talo A. Effects of oxytocin and vasopressin on electrical and mechanical activity of the 
rat epididymis in vitro. J Reprod Fertil 1981; 63(1): 47-51. 
{http://dx.doi.org/10.1530/jrf.0.0630047] [PMID: 7277332] 


Jaakkola UM, Talo A. Relation of electrical activity to luminal transport in the cauda epididymidis of 
the rat in vitro. J Reprod Fertil 1982; 64(1): 121-6. 
[http://dx.doi.org/10.1530/jrf.0.0640121] [PMID: 7054487] 


Jaakkola UM, Talo A. Movements of the luminal contents in two different regions of the caput 
epididymidis of the rat in vitro. J Physiol 1983; 336: 453-63. 
[http://dx.doi.org/10.1113/jphysiol.1983.sp014590] [PMID: 6875914] 


Hermo L, Robaire B. Epididymal cell types and their functions. Springer 2002. 
{http://dx.doi.org/10.1007/978-1-4615-0679-9 5] 


Franca LR, Avelar GF, Almeida FF. Spermatogenesis and sperm transit through the epididymis in 
mammals with emphasis on pigs. Theriogenology 2005; 63(2): 300-18. 
[http://dx.doi.org/10.1016/j.theriogenology.2004.09.014] [PMID: 15626401] 


Robaire B, Syntin P, Jervis K. The coming of age of the epididymis Testis, Epididymis and 
Technologies in the year 2000. Springer 2000; pp. 229-62. 
[http://dx.doi.org/10.1007/978-3-662-04050-8 14] 


Robaire B, Hermo L. Efferent ducts, epididymis and vas deferens: structure, functions and their 
regulation The physiology of reproduction. New York: Raven press 1988; pp. 999-1080. 


Hoffer AP, Hamilton DW, Fawcett DW. The ultrastructure of the principal cells and intraepithelial 
leucocytes in the initial segment of the rat epididymis. Anat Rec 1973; 175(2): 169-201. 
[http://dx.doi.org/10.1002/ar.1091750205] [PMID: 4685557] 


Abou-Haila A, Fain-Maurel MA. Regional differences of the proximal part of mouse epididymis: 
morphological and histochemical characterization. Anat Rec 1984; 209(2): 197-208. 
[http://dx.doi.org/10.1002/ar.1092090207] [PMID: 6465530] 


Abe K, Takano H, Ito T. Response of epididymal duct to the temporary depletion of spermatozoa 
induced by testicular irradiation in mice. Anat Rec 1983; 207(1): 17-24. 
(http://dx.doi.org/10.1002/ar.1092070103] [PMID: 6638530] 


Hermo L, Oko R, Morales CR. Secretion and endocytosis in the male reproductive tract: a role in 
sperm maturation. Int Rev Cytol 1994; 154: 106-89. 
[http://dx.doi.org/10.1016/S0074-7696(08)62 199-3] [PMID: 8083031] 


Hermo L, Smith CE. The structure of the Golgi apparatus: a sperms eye view in principal epithelial 
cells of the rat epididymis. Histochem Cell Biol 1998; 109(5-6): 431-47. 
{http://dx.doi.org/10.1007/s004180050246] [PMID: 9681626] 


Hermo L, Green H, Clermont Y. Golgi apparatus of epithelial principal cells of the epididymal initial 
segment of the rat: structure, relationship with endoplasmic reticulum, and role in the formation of 
secretory vesicles. Anat Rec 1991; 229(2): 159-76. 

[http://dx.doi.org/10.1002/ar.1092290203] [PMID: 1849381] 


Flickinger CJ, Howards SS, English HF. Ultrastructural differences in efferent ducts and several 
regions of the epididymis of the hamster. Am J Anat 1978; 152(4): 557-85. 
{http://dx.doi.org/10.1002/aja. 1001520409] [PMID: 678334] 


Hermo L. Structural features and functions of principal cells of the intermediate zone of the 
epididymis of adult rats. Anat Rec 1995; 242(4): 515-30. 
[http://dx.doi.org/10.1002/ar.1092420408] [PMID: 7486022] 


Biochemistry of Epididymis Andrology: Current and Future Developments, Vol. 1 199 


[39] 


[40] 


[44] 


[45] 


[46] 


[51] 


Friend DS, Farquhar MG. Functions of coated vesicles during protein absorption in the rat vas 
deferens. J Cell Biol 1967; 35(2): 357-76. 
[http://dx.doi.org/10.1083/jcb.35.2.357] [PMID: 6055991] 


Hermo L, Adamali HI, Mahuran D, Gravel RA, Trasler JM. B-Hexosaminidase immunolocalization 
and a- and B-subunit gene expression in the rat testis and epididymis. Mol Reprod Dev 1997; 46(3): 
227-42. 

(http://dx.doi.org/10.1002/(SICD 1098-2795(199703)46:3<227::AID-MRD1>3.0.CO;2-R] [PMID: 
9041125] 


Sun EL, Flickinger CJ. Morphological characteristics of cells with apical nuclei in the initial segment 
of the adult rat epididymis. Anat Rec 1980; 196(3): 285-93. 
[http://dx.doi.org/10.1002/ar.1091960304] [PMID: 7406221] 


Adamali HI, Hermo L. Apical and narrow cells are distinct cell types differing in their structure, 
distribution, and functions in the adult rat epididymis. J Androl 1996; 17(3): 208-22. 
[PMID: 8792211] 


Hermo L, Adamali HI, Andonian S. Immunolocalization of CA II and H+ V-ATPase in epithelial cells 
of the mouse and rat epididymis. J Androl 2000; 21(3): 376-91. 
[PMID: 10819445] 


Hermo L, Chong DL, Moffatt P, Sly WS, Waheed A, Smith CE. Region- and cell-specific differences 
in the distribution of carbonic anhydrases II, II, XII, and XIV in the adult rat epididymis. J Histochem 
Cytochem 2005; 53(6): 699-713. 

[http://dx.doi.org/10.1369/jhc.4A.6575.2005] [PMID: 15928319] 


Hermo L, Dworkin J, Oko R. Role of epithelial clear cells of the rat epididymis in the disposal of the 
contents of cytoplasmic droplets detached from spermatozoa. Am J Anat 1988; 183(2): 107-24. 
(http://dx.doi.org/10.1002/aja. 1001830202] [PMID: 2849296] 


Sun EL, Flickinger CJ. Development of cell types and of regional differences in the postnatal rat 
epididymis. Am J Anat 1979; 154(1): 27-55. 
[http://dx.doi.org/10.1002/aja. 1001540104] [PMID: 760488] 


Oko R, Hermo L, Chan PT, Fazel A, Bergeron JJ. The cytoplasmic droplet of rat epididymal 
spermatozoa contains saccular elements with Golgi characteristics. J Cell Biol 1993; 123(4): 809-21. 
{http://dx.doi.org/10.1083/jcb.123.4.809] [PMID: 8227142] 


Veri JP, Hermo L, Robaire B. Immunocytochemical localization of the Yf subunit of glutathione S- 
transferase P shows regional variation in the staining of epithelial cells of the testis, efferent ducts, and 
epididymis of the male rat. J Androl 1993; 14(1): 23-44. 

[PMID: 8473235] 


Marengo SR, Amann RP. Morphological features of principal cells in the ovine epididymis: a 
quantitative and qualitative study. Biol Reprod 1990; 42(1): 167-79. 
{http://dx.doi.org/10.1095/biolreprod42.1.167] [PMID: 2310815] 


Seiler P, Cooper TG, Yeung CH, Nieschlag E. Regional variation in macrophage antigen expression 
by murine epididymal basal cells and their regulation by testicular factors. J Androl 1999; 20(6): 738- 
46. 

[PMID: 10591613] 


Hermo L, Papp S. Effects of ligation, orchidectomy, and hypophysectomy on expression of the Yf 
subunit of GST-P in principal and basal cells of the adult rat epididymis and on basal cell shape and 
overall arrangement. Anat Rec 1996; 244(1): 59-69. 

{http://dx.doi.org/10.1002/(SICD 1097-0185(199601)244:1<59::AID-AR6>3.0.CO;2-A] [PMID: 
8838424] 


200 Andrology: Current and Future Developments, Vol. 1 Dias and Bernardino 


[55] 


[56] 


[57] 


[61] 


[62] 


[63] 


[67] 


Cheung KH, Leung GP, Leung MC, Shum WW, Zhou WL, Wong PY. Cell-cell interaction underlies 
formation of fluid in the male reproductive tract of the rat. J Gen Physiol 2005; 125(5): 443-54. 
[http://dx.doi.org/10.1085/jgp.200409205] [PMID: 15851503] 


Hamilton DW. The mammalian epididymis. Reprod Biol 1972; 268-337. 


Bedford JM. The status and the state of the human epididymis. Hum Reprod 1994; 9(11): 2187-99. 
[http://dx.doi.org/10.1093/oxfordjournals.humrep.a138416] [PMID: 7868697] 


Talo A, Jaakkola U-M, Markkula-Viitanen M. Spontaneous electrical activity of the rat epididymis in 
vitro. J Reprod Fertil 1979; 57(2): 423-9. 
[http://dx.doi.org/10.1530/jrf.0.0570423] [PMID: 513032] 


Jaakkola U-M. Regional variations in transport of the luminal contents of the rat epididymis in vivo. J 
Reprod Fertil 1983; 68(2): 465-70. 
[http://dx.doi.org/10.1530/jrf.0.0680465] [PMID: 6864663] 


Turner TT. Spermatozoa are exposed to a complex microenvironment as they traverse the epididymis. 
Ann N Y Acad Sci 1991; 637: 364-83. 
[http://dx.doi.org/10.1111⁄.1749-6632.1991.tb27323.x] [PMID: 1785781] 


Whittington K, Assinder SJ, Parkinson T, Lapwood KR, Nicholson HD. Function and localization of 
oxytocin receptors in the reproductive tissue of rams. Reproduction 2001; 122(2): 317-25. 
[http://dx.doi.org/10.1530/rep.0.1220317] [PMID: 11467983] 


Einspanier A, Ivell R. Oxytocin and oxytocin receptor expression in reproductive tissues of the male 
marmoset monkey. Biol Reprod 1997; 56(2): 416-22. 
[http://dx.doi.org/10.1095/biolreprod56.2.416] [PMID: 9116141] 


Filippi S, Vannelli GB, Granchi S, et al. Identification, localization and functional activity of oxytocin 
receptors in epididymis. Mol Cell Endocrinol 2002; 193(1-2): 89-100. 
[http://dx.doi.org/10.1016/S0303-7207(02)00101-6] [PMID: 12161007] 


Filippi S, Morelli A, Vignozzi L, et al. Oxytocin mediates the estrogen-dependent contractile activity 
of endothelin-1 in human and rabbit epididymis. Endocrinology 2005; 146(8): 3506-17. 
[http://dx.doi.org/10.1210/en.2004-1628] [PMID: 15860558] 


Filippi S, Luconi M, Granchi S, et al. Estrogens, but not androgens, regulate expression and functional 
activity of oxytocin receptor in rabbit epididymis. Endocrinology 2002; 143(11): 4271-80. 
[http://dx.doi.org/10.1210/en.2002-220384] [PMID: 12399422] 


Hib J, Oscar P. Effects of prostaglandins and indomethacin on rat epididymal responses to 
norepinephrine and acetylcholine. Arch Androl 1978; 1(1): 43-7. 
[http://dx.doi.org/10.3109/01485017808988316] [PMID: 742941] 


Kirchhoff C, Osterhoff C, Pera I, Schröter S. Function of human epididymal proteins in sperm 
maturation. Andrologia 1998; 30(4-5): 225-32. 
[http://dx.doi.org/10.1111⁄.1439-0272.1998.tb01164.x] [PMID: 9739419] 


Cooper TG. The epididymis, cytoplasmic droplets and male fertility. Asian J Androl 2011; 13(1): 130- 
8. 
(http://dx.doi.org/10.1038/aja.2010.97] [PMID: 21076437] 


Olson GE, Winfrey VP, Nagdas SK. Structural modification of the hamster sperm acrosome during 
posttesticular development in the epididymis. Microsc Res Tech 2003; 61(1): 46-55. 
[http://dx.doi.org/10.1002/jemt. 10316] [PMID: 12672122] 


Lopez ML, Olea N, Retamal CA. Post-testicular changes in the density and distribution of 
intramembrane particles of stallion sperm surface domains. Anim Reprod Sci 2007; 100(1-2): 204-10. 
[http://dx.doi.org/10.1016/j.anireprosci.2006.08.027] [PMID: 17014974] 


Biochemistry of Epididymis Andrology: Current and Future Developments, Vol. 1 201 


[68] 


[73] 


[75] 


[76] 


[77] 


[78] 


[82] 


Jones R. Plasma membrane structure and remodelling during sperm maturation in the epididymis. J 
Reprod Fertil Suppl 1998; 53: 73-84. 
[PMID: 10645268] 


Yanagimachi R, Kamiguchi Y, Mikamo K, Suzuki F, Yanagimachi H. Maturation of spermatozoa in 
the epididymis of the Chinese hamster. Am J Anat 1985; 172(4): 317-30. 
[http://dx.doi.org/10.1002/aja. 1001720406] [PMID: 3887886] 


Orgebin-Crist M, Danzo B, Davies J. Endocrine control of the development and maintenance of sperm 
fertilizing ability in the epididymis 1975. 


Jones RC. To store or mature spermatozoa? The primary role of the epididymis. Int J Androl 1999; 
22(2): 57-67. 
{http://dx.doi.org/10.1046/j.1365-2605.1999.00151.x] [PMID: 10194636] 


Olson GE, Winfrey VP, NagDas SK, Melner MH. Region-specific expression and secretion of the 
fibrinogen-related protein, fg12, by epithelial cells of the hamster epididymis and its role in disposal of 
defective spermatozoa. J Biol Chem 2004; 279(49): 51266-74. 
[http://dx.doi.org/10.1074/jbc.M410485200] [PMID: 15377663] 


Sutovsky P, Moreno R, Ramalho-Santos J, Dominko T, Thompson WE, Schatten G. A putative, 
ubiquitin-dependent mechanism for the recognition and elimination of defective spermatozoa in the 
mammalian epididymis. J Cell Sci 2001; 114(Pt 9): 1665-75. 

[PMID: 11309198] 


Shum WW, Da Silva N, Brown D, Breton S. Regulation of luminal acidification in the male 
reproductive tract via cell-cell crosstalk. J Exp Biol 2009; 212(Pt 11): 1753-61. 
(http://dx.doi.org/10.1242/jeb.027284] [PMID: 19448084] 


Carr DW, Usselman MC, Acott TS. Effects of pH, lactate, and viscoelastic drag on sperm motility: a 
species comparison. Biol Reprod 1985; 33(3): 588-95. 
[http://dx.doi.org/10.1095/biolreprod33.3.588] [PMID: 4052526] 


Rato L, Socorro S, Cavaco JE, Oliveira PF. Tubular fluid secretion in the seminiferous epithelium: ion 
transporters and aquaporins in Sertoli cells. J Membr Biol 2010; 236(2): 215-24. 
(http://dx.doi.org/10.1007/s00232-010-9294-x] [PMID: 20697886] 


Aitken RJ, Jones KT, Robertson SA. Reactive oxygen species and sperm functionin sickness and in 
health. J Androl 2012; 33(6): 1096-106. 
[http://dx.doi.org/10.2164/jandrol.112.016535] [PMID: 22879525] 


Agarwal A, Nallella KP, Allamaneni SS, Said TM. Role of antioxidants in treatment of male 
infertility: an overview of the literature. Reprod Biomed Online 2004; 8(6): 616-27. 
(http://dx.doi.org/10.1016/S1472-6483(10)61641-0] [PMID: 15169573] 


Agarwal A, Makker K, Sharma R. Clinical relevance of oxidative stress in male factor infertility: an 
update. Am J Reprod Immunol 2008; 59(1): 2-11. 
{http://dx.doi.org/10.1111/j.1600-0897.2007.00559.x] [PMID: 18154591] 


Aitken RJ, Koppers AJ. Apoptosis and DNA damage in human spermatozoa. Asian J Androl 2011; 
13(1): 36-42. 
{http://dx.doi.org/10.1038/aja.2010.68] [PMID: 20802502] 


Moustafa MH, Sharma RK, Thornton J, et al. Relationship between ROS production, apoptosis and 
DNA denaturation in spermatozoa from patients examined for infertility. Hum Reprod 2004; 19(1): 
129-38. 

{http://dx.doi.org/10.1093/humrep/deh024] [PMID: 14688171] 


Vernet P, Fulton N, Wallace C, Aitken RJ. Analysis of reactive oxygen species generating systems in 
rat epididymal spermatozoa. Biol Reprod 2001; 65(4): 1102-13. 
{http://dx.doi.org/10.1095/biolreprod65.4.1102] [PMID: 11566731] 


202 


[86] 


[87] 


[88] 


[90] 


[91] 


[92] 


[93] 


[94] 


Andrology: Current and Future Developments, Vol. 1 Dias and Bernardino 


Cyr DG, Finnson K, Dufresne J, Gregory M. Cellular interactions and the blood-epididymal barrier 
The epididymis: from molecules to clinical practice. Springer 2002; pp. 103-18. 
{http://dx.doi.org/10.1007/978-1-4615-0679-9 6] 


Itoh M, Terayama H, Naito M, Ogawa Y, Tainosho S. Tissue microcircumstances for leukocytic 
infiltration into the testis and epididymis in mice. J Reprod Immunol 2005; 67(1-2): 57-67. 
[http://dx.doi.org/10.1016/j.jri.2005.06.007] [PMID: 16111766] 


Hall SH, Hamil KG, French FS. Host defense proteins of the male reproductive tract. J Androl 2002; 
23(5): 585-97. 
[PMID: 12185087] 


Zhao Y, Diao H, Ni Z, Hu S, Yu H, Zhang Y. The epididymis-specific antimicrobial peptide B- 
defensin 15 is required for sperm motility and male fertility in the rat (Rattus norvegicus). Cell Mol 
Life Sci 2011; 68(4): 697-708. 

[http://dx.doi.org/10.1007/s00018-010-0478-4] [PMID: 20694738] 


Hall SH, Yenugu S, Radhakrishnan Y, Avellar MC, Petrusz P, French FS. Characterization and 
functions of beta defensins in the epididymis. Asian J Androl 2007; 9(4): 453-62. 
{http://dx.doi.org/10.1111/.1745-7262.2007.00298.x] [PMID: 17589782] 


Diao H, Yu HG, Sun F, Zhang YL, Tanphaichitr N. Rat recombinant B-defensin 22 is a heparin- 
binding protein with antimicrobial activity. Asian J Androl 2011; 13(2): 305-11. 
[http://dx.doi.org/10.1038/aja.2010.93] [PMID: 21151152] 


Cornwall GA, Von Horsten HH, Whelly S. Cystatin-related epididymal spermatogenic aggregates in 
the epididymis. J Androl 2011; 32(6): 679-85. 
{http://dx.doi.org/10.2164/jandrol.111.012963] [PMID: 21764901] 


Dacheux JL, Dacheux F. Protein secretion in the epididymis The Epididymis: From Molecules to 
Clinical Practice. New York: Kluwer Academic/Plenum Publishers 2002; pp. 151-68. 
(http://dx.doi.org/10.1007/978-1-4615-0679-9_9] 


Hermo L, Jacks D. Natures ingenuity: bypassing the classical secretory route via apocrine secretion. 
Mol Reprod Dev 2002; 63(3): 394-410. 
[http://dx.doi.org/10.1002/mrd.90023] [PMID: 12237956] 


Sullivan R, Saez F, Girouard J, Frenette G. Role of exosomes in sperm maturation during the transit 
along the male reproductive tract. Blood Cells Mol Dis 2005; 35(1): 1-10. 
(http://dx.doi.org/10.1016/j.bcmd.2005.03.005] [PMID: 15893944] 


Kawano N, Yoshida K, Miyado K, Yoshida M. Lipid rafts: keys to sperm maturation, fertilization, and 
early embryogenesis. J lipids 2011; 2011 


Légaré C, Gaudreault C, St-Jacques S, Sullivan R. P34H sperm protein is preferentially expressed by 
the human corpus epididymidis. Endocrinology 1999; 140(7): 3318-27. 
[PMID: 10385429] 


Miranda PV, Gonzalez-Echeverria F, Blaquier JA, Mahuran DJ, Tezon JG. Evidence for the 
participation of B-hexosaminidase in human sperm-zona pellucida interaction in vitro. Mol Hum 
Reprod 2000; 6(8): 699-706. 

[http://dx.doi.org/10.1093/molehr/6.8.699] [PMID: 10908279] 


Batova IN, Ivanova MD, Mollova MV, Kyurkchiev SD. Human sperm surface glycoprotein involved 
in sperm-zona pellucida interaction. Int J Androl 1998; 21(3): 141-53. 
[http://dx.doi.org/10.1111/).1365-2605.1998.00104.x] [PMID: 9669198] 


Komori S, Kameda K, Sakata K, et al. Characterization of fertilization-blocking monoclonal antibody 
1G12 with human sperm-immobilizing activity. Clin Exp Immunol 1997; 109(3): 547-54. 
(http://dx.doi.org/10.1046/j.1365-2249.1997.4801380.x] [PMID: 9328135] 


Biochemistry of Epididymis Andrology: Current and Future Developments, Vol. 1 203 


[98] 


[99] 


[100] 


[101] 


[102] 


[103] 


[104] 


[105] 


[106] 


[107] 


[108] 


[109] 


[110] 


[111] 


Martin Ruiz C, Duquenne C, Treton D, Lefévre A, Finaz C. SOB3, a human sperm protein involved in 
zona pellucida binding: physiological and biochemical analysis, purification. Mol Reprod Dev 1998; 
49(3): 286-97. 

{http://dx.doi.org/10.1002/(SICD) 1098-2795(199803)49:3<286::AID-MRD9>3.0.CO;2-K] [PMID: 
9491381] 


Boué F, Blais J, Sullivan R. Surface localization of P34H an epididymal protein, during maturation, 
capacitation, and acrosome reaction of human spermatozoa. Biol Reprod 1996; 54(5): 1009-17. 
[http://dx.doi.org/10.1095/biolreprod54.5.1009] [PMID: 8722620] 


Brandelli A, Miranda PV, Tezon JG. Participation of glycosylated residues in the human sperm 
acrosome reaction: possible role of N-acetylglucosaminidase. Biochimica et Biophysica Acta (BBA)-. 
Molecular Cell Research 1994; 1220: 299-304. 


Cohen DJ, Ellerman DA, Busso D, et al. Evidence that human epididymal protein ARP plays a role in 
gamete fusion through complementary sites on the surface of the human egg. Biol Reprod 2001; 65(4): 
1000-5. 

[http://dx.doi.org/10.1095/biolreprod65.4.1000] [PMID: 11566719] 


Lefèvre A, Martin Ruiz C, Chokomian S, Duquenne C, Finaz C. Characterization and isolation of 
SOB2, a human sperm protein with a potential role in oocyte membrane binding. Mol Hum Reprod 
1997; 3(6): 507-16. 

[http://dx.doi.org/10.1093/molehr/3.6.507] [PMID: 9239740] 


Focarelli R, Giuffrida A, Capparelli S, et al. Specific localization in the equatorial region of gp20, a 20 
kDa sialylglycoprotein of the capacitated human spermatozoon acquired during epididymal transit 
which is necessary to penetrate zona-free hamster eggs. Mol Hum Reprod 1998; 4(2): 119-25. 
[http://dx.doi.org/10.1093/molehr/4.2.119] [PMID: 9542968] 


Andersson AM, Edvardsen K, Skakkebaek NE. Expression and localization of N- and E-cadherin in 
the human testis and epididymis. Int J Androl 1994; 17(4): 174-80. 
(http://dx.doi.org/10.1111/j.1365-2605.1994.tb01239.x] [PMID: 7995652] 


Takeichi M. Cadherins: a molecular family important in selective cell-cell adhesion. Annu Rev 
Biochem 1990; 59: 237-52. 
{http://dx.doi.org/10.1146/annurev.bi.59.070190.001321] [PMID: 2197976] 


Takeichi M. Morphogenetic roles of classic cadherins. Curr Opin Cell Biol 1995; 7(5): 619-27. 
[http://dx.doi.org/10.1016/0955-0674(95)80102-2] [PMID: 8573335] 


Rufas O, Fisch B, Ziv S, Shalgi R. Expression of cadherin adhesion molecules on human gametes. 
Mol Hum Reprod 2000; 6(2): 163-9. 
[http://dx.doi.org/10.1093/molehr/6.2.163] [PMID: 10655458] 


Bronson RA, Fusi F. Sperm-oolemmal interaction: role of the Arg-Gly-Asp (RGD) adhesion peptide. 
Fertil Steril 1990; 54(3): 527-9. 
(http://dx.doi.org/10.1016/S0015-0282(16)53775-3] [PMID: 2397797] 


Fusi FM, Vignali M, Busacca M, Bronson RA. Evidence for the presence of an integrin cell adhesion 
receptor on the oolemma of unfertilized human oocytes. Mol Reprod Dev 1992; 31(3): 215-22. 
(http://dx.doi.org/10.1002/mrd.10803 10309] [PMID: 1554507] 


Schaller J, Glander HJ, Dethloff J. Evidence of P 1 integrins and fibronectin on spermatogenic cells in 
human testis. Hum Reprod 1993; 8(11): 1873-8. 
[http://dx.doi.org/10.1093/oxfordjournals.humrep.al37952] [PMID: 7507130] 


Miranda PV, Tezon JG. Characterization of fibronectin as a marker for human epididymal sperm 
maturation. Mol Reprod Dev 1992; 33(4): 443-50. 
(http://dx.doi.org/10.1002/mrd.1080330411] [PMID: 1472375] 


204 Andrology: Current and Future Developments, Vol. 1 Dias and Bernardino 


[112] 


[113] 


[114] 


[115] 


[116] 


[117] 


[118] 


[119] 


[120] 


[121] 


[122] 


[123] 


[124] 


[125] 


[126] 


Kirchhoff C, Osterhoff C, Young L. Molecular cloning and characterization of HE1, a major secretory 
protein of the human epididymis. Biol Reprod 1996; 54(4): 847-56. 
[http://dx.doi.org/10.1095/biolreprod54.4.847] [PMID: 8924505] 


Kirchhoff C, Pera I, Derr P, Yeung C-H, Cooper T. The molecular biology of the sperm surface The 
fate of the male germ cell. Springer 1997; pp. 221-32. 


Osterhoff C, Kirchhoff C, Krull N, Ivell R. Molecular cloning and characterization of a novel human 
sperm antigen (HE2) specifically expressed in the proximal epididymis. Biol Reprod 1994; 50(3): 
516-25. 

[http://dx.doi.org/10.1095/biolreprod50.3.516] [PMID: 8167223] 


Kirchhoff C, Krull N, Pera I, Ivell R. A major mRNA of the human epididymal principal cells, HE5, 
encodes the leucocyte differentiation CDw52 antigen peptide backbone. Mol Reprod Dev 1993; 34(1): 
8-15. 

[http://dx.doi.org/10.1002/mrd. 1080340103] [PMID: 8418821] 


Osterhoff C, Ivell R, Kirchhoff C. Cloning of a human epididymis-specific mRNA, HE6, encoding a 
novel member of the seven transmembrane-domain receptor superfamily. DNA Cell Biol 1997; 16(4): 
379-89. 

{http://dx.doi.org/10.1089/dna.1997.16.379] [PMID: 9150425] 


OBryan MK, Murphy BF, Liu DY, Clarke GN, Baker HW. The use of anticlusterin monoclonal 
antibodies for the combined assessment of human sperm morphology and acrosome integrity. Hum 
Reprod 1994; 9(8): 1490-6. 

[http://dx.doi.org/10.1093/oxfordjournals.humrep.al38736] [PMID: 7989511] 


Sun GH, Lin YC, Guo YW, Chang SY, Liu HW. Purification of GP-83, a glycoprotein secreted by the 
human epididymis and conjugated to mature spermatozoa. Mol Hum Reprod 2000; 6(5): 429-34. 
[http://dx.doi.org/10.1093/molehr/6.5.429] [PMID: 10775646] 


Retamal C, Urzúa J, Lorca C, Lopez ML, Alves EW. Changes in the plasma membrane proteins of 
stallion spermatozoa during maturation in the epididymis. J Submicrosc Cytol Pathol 2000; 32(2): 
229-39. 

[PMID: 11085212] 


Dias GM, Retamal CA, Tobella L, Arnholdt AC, Lopez ML. Nuclear status of immature and mature 
stallion spermatozoa. Theriogenology 2006; 66(2): 354-65. 
[http://dx.doi.org/10.1016/j.theriogenology.2005.10.024] [PMID: 16423383] 


Moore HD, Hartman TD, Pryor JP. Development of the oocyte-penetrating capacity of spermatozoa in 
the human epididymis. Int J Androl 1983; 6(4): 310-8. 
{http://dx.doi.org/10.1111/j.1365-2605.1983.tb00545.x] [PMID: 6618687] 


Yanagimachi R. Mammalian fertilization The Physiology of Reproduction. New York: Raven Press 
1994; pp. 189-317. 


Sostaric E, Aalberts M, Gadella BM, Stout TA. The roles of the epididymis and prostasomes in the 
attainment of fertilizing capacity by stallion sperm. Anim Reprod Sci 2008; 107(3-4): 237-48. 
{http://dx.doi.org/10.1016/j.anireprosci.2008.04.011] [PMID: 18550301] 


Li J, Liu F, Wang H, et al. Systematic mapping and functional analysis of a family of human 
epididymal secretory sperm-located proteins. Mol Cell Proteomics 2010; 9(11): 2517-28. 
{http://dx.doi.org/10.1074/mcp.M110.001719] [PMID: 20736409] 


Li J, Liu F, Liu X, et al. Mapping of the human testicular proteome and its relationship with that of the 
epididymis and spermatozoa. Mol Cell Proteomics 2011; 10 M110. 004630 
[http://dx.doi.org/10.1074/mcp.M110.004630] 


Dominguez K, Arca CD, Ward SW. The relationship between chromatin structure and DNA damage 
in mammalian spermatozoa Sperm Chromatin. Springer 2011; pp. 61-8. 


Biochemistry of Epididymis Andrology: Current and Future Developments, Vol. 1 205 


[127] 


[128] 


[129] 


[130] 


[131] 


[132] 


[133] 


[134] 


[135] 


[136] 


[137] 


[138] 


[139] 


[140] 


[141] 


Clauss A, Lilja H, Lundwall A. A locus on human chromosome 20 contains several genes expressing 
protease inhibitor domains with homology to whey acidic protein. Biochem J 2002; 368(Pt 1): 233-42. 
[http://dx.doi.org/10.1042/bj20020869] [PMID: 12206714] 


Cohen DJ, Maldera JA, Vasen G, et al. Epididymal protein CRISP1 plays different roles during the 
fertilization process. J Androl 2011; 32(6): 672-8. 
[http://dx.doi.org/10.2164/jandrol.1 10.012922] [PMID: 21441424] 


Lefebvre J, Boileau G, Manjunath P. Recombinant expression and affinity purification of a novel 
epididymal human sperm-binding protein, BSPH1. Mol Hum Reprod 2009; 15(2): 105-14. 
[http://dx.doi.org/10.1093/molehr/gan077] [PMID: 19091820] 


Joseph A, Shur BD, Hess RA. Estrogen, efferent ductules, and the epididymis. Biol Reprod 2011; 
84(2): 207-17. 
[http://dx.doi.org/10.1095/biolreprod. 110.087353] [PMID: 20926801] 


Viger RS, Robaire B. The mRNAs for the Steroid 5a-Reductase Isozymes, Types 1 and 2, Are 
Differentially. J Androl 1996; 17: 27-34. 
[PMID: 8833738] 


Robaire B, Hamzeh M. Androgen action in the epididymis. J Androl 2011; 32(6): 592-9. 
[http://dx.doi.org/10.2164/jandrol.111.014266] [PMID: 21764895] 


Shayu D, Rao AJ. Expression of functional aromatase in the epididymis: role of androgens and LH in 
modulation of expression and activity. Mol Cell Endocrinol 2006; 249(1-2): 40-50. 
[http://dx.doi.org/10.1016/j.mce.2006.01.016] [PMID: 16569475] 


Hinton BT, Palladino MA. Epididymal epithelium: its contribution to the formation of a luminal fluid 
microenvironment. Microsc Res Tech 1995; 30(1): 67-81. 
[http://dx.doi.org/10.1002/jemt. 1070300106] [PMID: 7711321] 


Dacheux JL, Belghazi M, Lanson Y, Dacheux F. Human epididymal secretome and proteome. Mol 
Cell Endocrinol 2006; 250(1-2): 36-42. 
(http://dx.doi.org/10.1016/j.mce.2005.12.022] [PMID: 16431015] 


Dube E, Hermo L, Chan PT, Cyr DG. Alterations in the human blood-epididymis barrier in obstructive 
azoospermia and the development of novel epididymal cell lines from infertile men. Biol Reprod 
2010; 83(4): 584-96. 

[http://dx.doi.org/10.1095/biolreprod.110.084459] [PMID: 20505168] 


Tulsiani DR. Glycan modifying enzymes in luminal fluid of rat epididymis: are they involved in 
altering sperm surface glycoproteins during maturation? Microsc Res Tech 2003; 61(1): 18-27. 
{http://dx.doi.org/10.1002/jemt. 10313] [PMID: 12672119] 


Maclean JA II, Chen MA, Wayne CM, et al. Rhox: a new homeobox gene cluster. Cell 2005; 120(3): 
369-82. 
(http://dx.doi.org/10.1016/j.cell.2004.12.022] [PMID: 15707895] 


Turner TT, Bang HJ, Attipoe SA, Johnston DS, Tomsig JL. Sonic hedgehog pathway inhibition alters 
epididymal function as assessed by the development of sperm motility. J Androl 2006; 27(2): 225-32. 
[http://dx.doi.org/10.2164/jandrol.05114] [PMID: 16278368] 


Yu X, Suzuki K, Wang Y, et al. The role of forkhead box A2 to restrict androgen-regulated gene 
expression of lipocalin 5 in the mouse epididymis. Mol Endocrinol 2006; 20(10): 2418-31. 
[http://dx.doi.org/10.1210/me.2006-0008] [PMID: 16740652] 


Blomqvist SR, Vidarsson H, Söder O, Enerback S. Epididymal expression of the forkhead 
transcription factor Foxil is required for male fertility. EMBO J 2006; 25(17): 4131-41. 
[http://dx.doi.org/10.1038/sj.emboj.7601272] [PMID: 16932748] 


206 Andrology: Current and Future Developments, Vol. 1 Dias and Bernardino 


[142] Pastor-Soler N, Piétrement C, Breton S. Role of acid/base transporters in the male reproductive tract 
and potential consequences of their malfunction. Physiology (Bethesda) 2005; 20: 417-28. 
[http://dx.doi.org/10.1152/physiol.00036.2005] [PMID: 16287991] 


[143] Yeung CH, Breton S, Setiawan I, Xu Y, Lang F, Cooper TG. Increased luminal pH in the epididymis 
of infertile c-ros knockout mice and the expression of sodium-hydrogen exchangers and vacuolar 
proton pump H+-ATPase. Mol Reprod Dev 2004; 68(2): 159-68. 
{http://dx.doi.org/10.1002/mrd.20067] [PMID: 15095336] 


Andrology: Current and Future Developments, 2017, Vol. 1, 207-229 207 


CHAPTER 8 


Formation and Biochemistry of Seminal Plasma 
and Male Accessory Fluids 


Raquel L. Bernardino’ 


Department of Microscopy, Laboratory of Cell Biology, Institute of Biomedical Sciences Abel 
Salazar and Unit for Multidisciplinary Research in Biomedicine, University of Porto, Rua de 
Jorge Viterbo Ferreira, 4050-313, Porto, Portugal 


Abstract: An appropriate microenvironment in each segment of the male reproductive 
tract is crucial for the successful maturation and motility of sperm and thereby for male 
fertility. Spermatozoa are produced in the testes and transported to the epididymis 
along with the seminiferous tubular fluid. The epididymis contains an epididymal 
milieu that maintains the optimal conditions necessary for sperm maturation and 
storage. The composition of the luminal fluid is gradually changed along the 
epididymal duct due to absorption and secretion processes. The main changes in 
epididymal fluid and other fluids produced by accessory glands will be reflected in the 
ionic content, osmolality, pH and spermatocrit. Sperm motility is a good predictor of 
human male fertility that is controlled by some parameters such as bicarbonate and 
calcium concentrations, which constantly fluctuate throughout the reproductive ducts. 
The spermatozoa leaving the epididymis along with the epididymal fluid will join the 
secretions from the prostate and seminal vesicles, thus forming the seminal plasma. 
More attention should be paid to male reproductive tract fluids, namely its ionic 
composition and pH in order to unravel the causes of idiopathic infertility, which 
represents an elevated percentage of infertile men. 


Keywords: Bicarbonate, Calcium, Epididymal fluid, Epididymis, Ions, Ionic 
transporters, pH, Seminal plasma, Seminal vesicles, Seminiferous tubular fluid, 
Sperm capacitation and motility, Spermatozoa, Prostate. 


INTRODUCTION 


The male reproductive system is very complex and highly sophisticated. 
Spermatozoa are generated in the testes and undergo a maturational process while 
traveling through the long epididymal tubule, until they reach the cauda 
epididymis. The sperms are continually exposed to a specialized luminal fluid 
microenvironment. The composition of the fluid that bathes spermatozoa is 
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unique in all ducts of the male reproductive tract and is rather different from 
blood plasma and interstitial fluid [1]. The composition of the testicular fluid and 
epididymal fluid is variable, and major changes from one region to the next may 
be detected. The processes underlying the formation of seminal fluid are essential 
for male reproduction, since the biochemical composition of this fluid is critical 
for sperm function. Seminal fluid contributes to the process of sperm capacitation 
and fertilization, controlling pH, nourishing spermatozoa and creating a proper 
environment for immunological protection [2]. The motility of spermatozoa is 
also severely affected by the composition of seminal plasma and is, in fact, 
favored by a controlled pH in the seminal fluid [3]. 


Failure to maintain pH homeostasis along the male reproductive tract may impair 
the production and maturation of spermatozoa, therefore causing subfertility or 
infertility [4, 5]. The importance of understanding the functional relevance of the 
luminal fluids of the male reproductive tract relies in the fact that up to 40% of 
infertile men present idiopathic infertility, which may be a reflection of disorders 
in sperm maturation and storage [6]. This chapter will discuss some of the key 
components of the testicular fluid, epididymal fluid and seminal plasma and 
briefly explain how these very specific microenvironments are created. 


THE EPIDIDYMAL MILIEU 


The epididymis is an organ consisting of a highly convoluted duct system 
supposed to cover a total length of about 20 meters in man. The whole duct is 
strictly dependent upon testicular products for the maintenance of its structure as 
well as secretory, reabsorptive, biosynthetic and metabolic activity [7, 8]. The 
epididymal lumen has usually the most complex fluid found in any exocrine 
gland. This may be due to the continuous changes in its composition, such as the 
presence of some substances in unusually high concentrations for unknown 
reasons, or the presence of others, not found in any other body fluids [9]. The 
epididymal fluid compostition is largely influenced by the end-product of the 
exocrine activity of the testes, testicular fluid or testicular plasma. Besides being 
dependent on the presence of androgens [10], the epididymis also relies on the 
presence of luminal fluid factors obtained from the testes and the epididymis 
itself. Some studies described that without testicular luminal fluid factors, many 
cells within the initial segment of epididymis would undergo apoptosis [11, 12]. 
Therefore, factors originated from testes are responsible for the preservation of the 
integrity and survival of cells within epididymis. The testicular fluid that goes to 
epididymis is mainly composed by the seminiferous tubular fluid (STF). There is 
a layer of spindle-shaped cells that fills the space among the external and internal 
lamella of the seminiferous tubules surrounding tissue, to which the tubules owe 
their contractibility [13]. STF was thought to be a mixture of primary fluid, most 
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likely secreted by Sertoli cells [7]. However, the seminiferous epithelium secretes 
a fluid that is later modified when enters the rete testis, by alterations in 
potassium, bicarbonate, sodium, chloride, proteins and steroid concentrations 
[14]. For instance, STF is characterized by being potassium-rich, and is later 
altered to a sodium chloride-rich when entering the rete testis [7]. Thereby, the 
epithelium of rete testis is active in the regulation of the luminal fluid 
microenvironment, and not as much in controlling the volume of fluid produced in 
the STF that goes to the epididymis [7]. Nevertheless, the role of the rete testis in 
the regulation of luminal fluid environment has been overlooked. The testicular 
fluid undergoes a sequence of changes before it entries the epididymis, and along 
its passage through the seminiferous tubules, rete testis and, lastly, the efferent 
ducts. Therefore, the “testicular semen” is a suspension of spermatozoa released 
by the germinal epithelium into a combination of fluids originated from different 
compartments of the testes and referred to as testicular fluid [15]. The epididymal 
lumen has a complex fluid that is controlled by the blood-epididymal barrier 
(BEB), which maintains a specialized luminal fluid, providing a suitable 
environment for sperm maturation and survival [16]. Luminal fluid 
microenvironment is important in the processes of sperm maturation and storage. 
The epididymal epithelium is composed by very active cells in intermediary 
metabolism that generate products of energy metabolism and reactive oxygen 
species [6, 16]. The epididymal lumen is rich in inorganic ions and small organic 
molecules, which create an environment that is hyperosmotic when compared to 
serum [17]. Perturbations in the microenvironment that surrounds the 
spermatozoa, such as alterations in the luminal pH or extreme temperatures, can 
affect maturation and development [4]. 


LUMINAL FLUID COMPOSITION: RELEVANCE OF BICARBONATE 


The luminal fluid surrounding the spermatozoa displays peculiarities between 
each region of male reproductive tract. The production process begins inside the 
testes where spermatozoa are released into the lumen of the seminiferous tubule. 
Inside the seminiferous tubules the spermatozoa are bathed in STF, which is 
mainly produced and released by Sertoli cells [18]. The establishment of the ionic 
composition of the STF implies the net movement of water, K* secretion and CI, 
Na’ and HCO, reabsorption, which contribute for luminal acidification [18]. 
Substantial differences in ionic composition of STF have been reported 
comparatively to blood plasma, particularly concerning the concentration of K’, 
Na’, Cl and HCO’,. The reported composition of the STF differs according to the 
method of collection [19 - 22]. The study of male reproductive tract fluids is very 
complex, with micropuncture, which has originally been used to study renal 
physiology, being the most common method. The major problem of 
micropuncture analysis is the available quantity of sample, since it obtains very 
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low volumes, in the order of nanoliters or picoliters [23]. Therefore, the analysis 
of these samples is really difficult, hence the few studies focused on the 
composition of the fluids in human reproductive tract that are available using this 
technique. Even though, STF collected from rat seminiferous tubules by 
micropuncture evidenced more K* than in fluid collected from rete testis, in a 
concentration about ten times higher when compared to blood plasma. However, 
the HCO’, and Na’ concentrations were lower in rat STF than in blood plasma 
(Table 8.1). Ca” concentration in STF was similar to that of blood plasma, and 
Mg” and phosphate levels were higher in STF. With a pH of approximately 7.3, 
STF is more acid that blood and the osmolality of the fluid available inside the 
seminiferous tubules is isosmotic in the rat [1, 22 - 24] (Table 8.1). The electrical 
potential difference across the seminiferous tubules epithelium is approximately 
4.8 mV, lumen negative to the interstitial medium. K* and CI enter the tubule 
against their electrochemical gradient, whereas Na* and HCO’, entrance into the 
lumen is favored by that gradient [24]. The STF flows through the rete testis and 
the efferent ducts into the epididymis. Rete testis fluid arises within the 
seminiferous tubules, thus containing some of the same components present in 
STF. Rete testis fluid contains more Na’ and Ca* than STF, however the 
concentrations of K*, phosphate and Mg” are lower [1, 22, 23] (Table 8.1). 


Table 8.1. Electrolyte concentrations, osmolality, pH and spermatocrit in the seminiferous tubular 
fluid, rete testis fluid, epididymis fluids, vas deferens fluid and plasma of the rat. STF- Seminiferous 


tubular fluid. 
Epididymis Fluids Vas 
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Mremi) [ross (29 
] 


14210 [1, | i 
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(Table 8.1) contd... 


Rete Epididymis Fluids Vas 
STF Testis Deferens 
Fluid Caput Corpus 
pH fai 
2+ 


7.3 [24,30}| —------_ [6.6 (24, 30]] ———-—-- | 6.9 (24) | 69124) | 7.5 [24] 
amar [02002 0.40.02 | 0.6+0.04 | 0.540.03 | 0.7+0.02 
p [24] [24] [24] [24] [24] 


The concentration of ions, small organic solutes and proteins are all dependent on 
the movement of water in and out of the lumen. Thus, the concentration of ions in 
the luminal fluid are not only due to direct secretion into the lumen, but also 
dependent on the volume of water that is reabsorbed. In many species, 70-96% of 
the fluid leaving the testes is reabsorbed in the efferent ducts. Particularly in rats, 
96% of the fluid is reabsorbed [14]. Other studies in rats demonstrated that when 
the efferent duct connection is compromised for 24 hours there is a rise of about 
50% in testicular volume due to accumulated fluid, thus illustrating the efficiency 
of the efferent ducts and epididymis in the control of the volume of fluid [25]. 
Additionally, there is another parameter that demonstrates the absorption of water 
by the efferent ducts and initial segment of epididymis, which is the fractional 
volume occupied by sperm (spermatocrit). The spermatocrit increases from 
0.2+0.02 in seminiferous tubules to 0.4+0.2 in epididymal caput and to 0.5+0.03 
in cauda epididymis [24], indicating that about 50% of the fluid leaving the 
seminiferous tubules is absorbed by the efferent ducts. Moreover, water 
reabsorption by vas deferens leads to a spermatocrit of 0.7+0.02, 0.2 more than in 
the epididymal cauda [24] (Table 8.1). Apparently, most of the reabsorption 
process occurs before the cauda of the epididymis, because the ion concentrations 
are not significantly altered when compared to those observed in the vas deferens. 
Luminal fluid composition can be regulated by hormonal influence, through the 
modulation of membrane ion transporters expression and functionality in the male 
reproductive tract. It has been described that estrogen can regulate the expression 
of ion transporters involved in pH homeodynamics in the fluids of the male 
reproductive tract. Mice treated with antiestrogens presented a decreased 
expression of Na”H* exchanger 3 (NHE3) in efferent ducts, which results in 
alterations in the exchange of Na* and H* in mediating water transport [26]. 


Micropuncture studies have showed that the concentration of Na* decreases and 
K* increases in the epididymal fluid along the epididymis (Table 8.1). This 
suggests that both Na“ and water are reabsorbed by the epididymal epithelium. 
Some in vitro and in vivo studies performed in rats indicate that fluid reabsorption 
iS a passive process, secondary to active Na’ transport [27 - 29]. The rates of the 
ionic transport of Na’, Cl, K* and water have been found to fluctuate with the 
region of the duct, but it became clear that epididymis absorbs Na’, Cl and water 
and secretes K*. Notably, the more distal parts of the rat epididymis absorb Na* 
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and water and secrete K* at a higher rate than more distal parts of the epididymal 
duct [29]. Therefore, Na’ is actively reabsorbed by the epididymal epithelium, 
thereby creating an osmotic gradient for water reabsorption. The ionic transport 
that occurs along the epididymis is linked to a progressive increase in the potential 
difference across the epithelial wall. That difference is 5.6+0.1 mV, lumen 
negative, in the caput of epididymis and increases to 27+0.6mV, lumen negative, 
in the cauda and vas deferens. The process of Na“ reabsorption occurs against an 
electrochemical potential difference. The rising K“ concentration can be mainly 
due to the removal of water, but there is also a contribution from epithelial 
secretion into the lumen [24]. Potassium concentration is quite different between 
epididymis and vas deferens regarding blood plasma, diverging from 
electrochemical equilibrium, what should happen through a more complex 
process than simple equilibration. Moreover, Cl is also reabsorbed against an 
electrochemical gradient, but the rate of Cl’ reabsorption is only a fraction of the 
Na’ reabsorption rate in the epididymis [24]. 


Levine and Kelly [30] described the first measurement of pH made in vivo in the 
male reproductive tract of rat. They were able to precisely locate the primary site 
of acidification in the initial segment of epididymis. The authors observed that at 
the beginning of the initial segment of epididymis, the pH is about 7.20+0.06 
while in the end of the initial segment it is 6.79+0.06, so the fluid becomes more 
acid, reaching 6.6 in the caput [30]. The pH value of the epididymal fluid 
increases very slightly again at the end of the epididymis (Table 8.1). 


Luminal acidification depends on several processes, such as HCO’, reabsorption 
and proton secretion, which occurs in different cell types and in different regions 
of the epididymis. The most important physiological buffer system in mammals, 
which controls and maintains the pH range is HCO’,. HCO’, originated in the 
testes (20 mM) is partially reabsorbed between the seminiferous tubules and the 
caput of the epididymis by the HCO’, transporters [32] and by the action of 
carbonic anhydrases [33]. Bicarbonate reabsorption is essentially performed by 
the main cells in the initial segment of the epididymis [4]. In the rat epididymis, 
HCO,, concentration is around 3-7 mM, with a slight increase in the cauda and vas 
deferens, related to HCO’, reabsorption in the initial segment [4, 34]. The 
presence of HCO’, in the luminal fluid is essential for spermatogenesis and 
spermatozoa maturation. The intratubular concentration of HCO’, in the 
epididymis and epididymal spermatozoa is regulated by HCO’, transporters, 
namely HCO’, permeable proteins and carbonic anhydrase activity [32]. 
Bicarbonate has been shown to stimulate mammalian sperm motility and 
metabolism through activation of adenylate cyclase. Soluble adenylyl cyclase 
(sAC) is a HCO’, chemosensor for immature and mature spermatozoa. In vivo 
studies showed that HCO’, modulates the enzymatic activity of sAC by direct 
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interaction with the allosteric site of the enzyme to produce cAMP, under pH 
independent conditions [35]. Bicarbonate-regulated sAC was initially purified 
from testes cytosol, which is an alternative source for cAMP. sAC is not only a 
soluble protein but has well-defined intracellular targets, such as mitochondria, 
centrioles, mitotic spindles, midbodies and nuclei [36]. Therefore, adenylyl 
cyclases are in close association to cAMP effectors, and adenylyl cyclases are in 
turn regulated by HCO’, [36]. High concentrations of HCO’, should be linked with 
high cAMP production while the reverse also occurs. Modulation of key ion 
channels, activation of the sAC/cAMP signaling pathway and protein 
phosphorylation events are essential for maintaining spermatozoa in a quiescent 
state during their maturation and storage in the epididymis only. During 
ejaculation and release into the female reproductive tract, the increase in pH and 
HCO’, concentration induces sperm capacitation [36, 37] (see Chapter 10). 


Bicarbonate Transporters in Epididymis 


Acid-base transporters are classified according to their operation into two distinct 
groups: acid-extruders (Na*-H* exchangers, Na’-driven HCO’,/Cl transporters, 
Na'/HCO’, cotransporters, and V-ATPases), used to increase intracellular pH 
when acidosis occurs, and acid-loaders (Na’-independent HCO’,/CI transporters 
and Na’/HCO’, co-transporters), used to decrease intracellular pH when alkalosis 
occurs [38]. The function as acid-loader or as acid-extruder is also dependent on 
the ionic gradient established through the membranes [39]. 


Bicarbonate transporters are largely expressed and involved in the regulation of 
pH, cell migration, determination of cell volume, transepithelial acid/base 
transport and Cl secretion. Like in other physiological systems, in the male 
reproductive tract, luminal HCO’, combines with a proton to form H,CO,, which 
is then converted into CO, and H,O by catalysis by carbonic anhydrase [33]. Since 
this reaction may be reversible in epithelial cells, CO, may be conversely hydrated 
under the action of carbonic anhydrase and then dissociated into HCO’, and a 
proton [32]. The involvement of HCO’, in epididymal proton secretion is 
suggested by studies showing that the use of an inhibitor (acetazolamide) of 
carbonic anhydrase causes an increase in the luminal pH in the cauda epididymis 
[40]. HCO’, is extruded via HCO’, transporters and protons are recycled into the 
lumen via V-type H’-ATPase [41, 42] or Na’-H® exchanger [43]. In the male 
reproductive tract, HCO’, transporters are highly expressed, particularly in the 
epididymis. The main families of HCO’, transporters are identified in the 
epididymis: Solute carrier 4 (SLC4) and Solute carrier 26 (SLC26) families [5]. 
Intracellular and extracellular HCO’, is transported in and out of the cell across the 
epididymal membrane mostly by the HCO’, exchanger (Anion exchanger - AE), 
or the Na’- HCO’, cotransporter. The “housekeeping AE”, AE2, is widely 
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distributed in the male reproductive tract [5, 44]. AE2 was identified in the initial 
segment, intermediate zone and caput epididymis and in relative low abundance 
in the distal regions, including the cauda epididymis [45, 46]. AE2 plays a key 
role in intracellular pH regulation, and its operation is stimulated by exposure to 
alkaline media and inhibited by the presence of acidic media [5]. The presence of 
AE2 in the basolateral membrane of the epithelial cells in the proximal parts of 
the epididymis is associated with the low luminal HCO’, concentration attained in 
this segment. Along with other HCO’, transporters, AE2 might contribute to net 
HCO’, reabsorption. The expression of this important HCO’, transporter is 
increased in some pathological cases, as was observed in prediabetic-induced rats 
[45]. The significant increase of abnormal sperm morphology in prediabetic rats 
[47] was suggested to be related with the alteration of HCO’, transepithelial 
epididymal fluxes. 


The Na‘-dependent members of the SLC4 family also contribute to the transport 
of HCO’, in the epididymis. Due to their transport stoichiometry, they are divided 
into two sub-groups: electrogenic (NBCe) and electroneutral (NBCn). The 
direction and stoichiometry of the transport depends on the tissues in which they 
are expressed. In the epididymis, the NBCel and NBCn1 uptake the ions (HCO, 
and Na’) into the cytosol [45]. The NDCBE (Na’-driven Cl/HCO’, exchanger) is 
an intracellular pH regulator that transports extracellular HCO’, and Na’ in 
exchange for intracellular Cl and H+, playing an essential role in cellular 
alkalinisation. The expression of NDCBE has also been detected throughout all 
the male reproductive tract, including in the epididymis, and was found to be 
altered in some pathological states (e.g. prediabetes) [45]. Bicarbonate-permeable 
members of the SLC26 family make the second major subfamily of HCO’, 
transporters, and some of them are also expressed along the male reproductive 
tract. However, their function is not as well studied when compared with the 
SLC4 family. In the epididymis, four members of HCO’, transporters of SLC26 
family were identified: SLC26A3, SLC26A4, SLC26A6 and SLC26A7 [32, 45]. 
The SLC26A3 transporter is highly expressed in the testes, but has a low 
expression in the epididymis. It was only identified in the luminal side of the 
apical mitochondria-rich cells (AMRC), located in the caput epididymis and only 
occasionally in the corpus epididymis [48]. The expression of SLC26A4, 
SLC26A6 and SLC26A7 [49, 50] has also been reported in the epididymis. 
However, functional studies concerning the role of some of these transporters in 
the male reproductive tract tissues are still very scare or inexistent. 


In addition to the discussed HCO’, transporters, cystic fibrosis transmembrane 
conductance regulator (CFTR) is also expressed in the epididymis, and 
contributes to the ionic composition of the luminal fluid. CFTR has an important 
role in transepithelial salt absorption, as well as in the HCO’, secretion and in the 
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regulation of fluid volume in epithelial cells [32]. The epithelial cells of the head 
epididymis present more intense expression of CFTR, while the distribution is 
irregular in the epithelial cells of the body and tail [51]. A study with primary 
cultures of rat epididymal epithelial cells confirmed the expression of CFTR and 
revealed its important role in the regulation of Cl secretion and epididymal fluid 
formation [52]. Several studies have demonstrated that the movement of water 
could be directly linked with the expression and activity of CFTR, through the 
production of cAMP, which stimulates aqueous pore, or by interaction with 
aquaporins [53]. Aquaporins play a major role in water transport [54] across the 
epididymal epithelium and have been identified throughout the epididymis, 
including in the efferent ducts and vas deferens [55 - 61], but not necessarily in 
every region or in epithelial cells [58, 62, 63]. Therefore, besides being an ion 
channel, CFTR also regulates water permeability in some tissues or cells of the 
male reproductive tract. Hence, the abnormal functioning of CFTR may involve 
altered water transport and changes in HCO’, transport, resulting in alterations in 
the composition of the luminal tubular fluid [64]. HCO’, transport can be affected 
by hormonal deregulation, namely by increased levels of estrogens. Human SCs 
with higher levels of estrogens exhibited an increase on the expression of the three 
HCO’, transporters of the SLC4 family, causing an increase in the influx of HCO’, 
to the intracellular milieu, and contributing not only to a raise in intracellular pH 
but also to a decrease in Cl intracellular concentration [65]. This alterations can 
be the result of modifications in the composition of the STF. Thereby, HCO’, is 
not only essential to ionic homeostasis, but it also plays a crucial role in the 
maintenance of pH along the male reproductive tract while also playing a central 
role in spermatozoa activation and capacitation. 


Water movement across the male reproductive tract is a fundamental process in 
the production of luminal fluid and in the maintenance in the equilibrium of ionic 
concentrations within suitable limits. The essential water transporter channels are 
aquaporins (AQPs), which facilitate permeation of water and uncharged solutes 
through cellular membranes [54, 66]. In testis, water is secreted into the lumen of 
seminiferous tubules by Sertoli cells, contributing for the production of a proper 
environment for spermatogenesis, and providing a means of transport for the 
spermatozoa from the testis and through the efferent ducts into the epididymal 
duct [67]. Most of the testicular fluid that reaches the efferent ducts is reabsorbed, 
and the luminal fluid is also constantly reabsorbed and secreted along the 
epididymal duct, in order to create an adequate environment for maintaining the 
fertility and motility of the spermatozoa [68, 69]. AQPs have an important role in 
the determination of the composition of the luminal fluids that fill the testicular 
ducts which serve as vehicles to move spermatozoa from the epididymal ducts. 
Biophysical properties of AQPs allow their division into two categories: orthodox 
AQPs, permeable to water (AQPO, AQP1, AQP2, AQP4, AQP5, AQP6 and 
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AQP8), and aquaglyceroporins, AQPs which transport small uncharged solutes, 
such as urea and glycerol in addition to water (AQP3, AQP7, AQP9, AQP10) [54, 
70]. The conducting properties of other two isoforms, AQP11 and AQP12 are 
unclear. Some isoforms of AQPs are expressed in the mammalian male 
reproductive tract [64]. Those identified in testis include AQPO [61], AQP1 [71], 
AQP2 [72], AQP4 [73], AQP5 [72], AQP7 [74], AQP8 [74], AQP9 [75], AQP10 
[72] and AQP11 [76], and contribute for the establishment of an adequate luminal 
environment within the seminiferous tubules. In efferent ducts, the expression of 
AQP1 [56], AQP2 [77] and AQP9 [59] was reported, suggesting that these 
isoforms participate in the absorption of the large amounts of fluid occurring in 
these ducts. In rete testis (AQP1) [77, 78], epididymis (AQP2 [62], AQP3 [61], 
AQP5 [72], AQP7 [72], AQP9 [72], AQP10 [72], AQP11 [63]) and accessory 
glands [66], some isoforms of AQPs were also identified. Notably, expression of 
the AQPs and water reabsorption seems to be modulated by hormones. In rat 
epididymis, AQP9 is downregulated by estrogen, but these effects elicited by 
estrogens may be prevented by testosterone [60]. The reabsorption of water taking 
place in the efferent ducts is also affected by estrogens. Knockout rats for estrogen 
receptors presented a decreased reabsorption of fluid in ductules, with dilatations 
in rete testis and protrusion into the testis. Therefore, in this case, luminal fluid 
was not removed by the efferent ducts, resulting in fluid accumulation in the rete 
testis and seminiferous tubules [79]. 


LUMINAL CALCIUM AND SPERM FUNCTION 


Immature sperm formed in the seminiferous tubules of the testes becomes mature 
and motile in the epididymis. Sperm motility has been shown to be a good 
predictor of human male fertility in vivo and in vitro [80], and is controlled by 
various parameters, such as Ca** and HCO, concentrations in the luminal fluid. 
Both Ca** and HCO’, concentrations are important features of the luminal 
epididymal fluid that could be important for sperm capacitation and motility (Fig. 
8.1). It has been suggested that Ca**-binding proteins in sperm membrane directly 
stimulate the contractile apparatus of the sperm flagella [81]. Extracellular Ca” in 
the tail portion of the epididymis is required for motility in epididymal sperm, and 
Ca” is directly correlated with activated and hyperactivated sperm motility [82]. 
The Ca” concentration in the epididymal fluid controls intracellular cAMP levels 
of spermatozoa through the regulation of sAC. This will lead to protein 
phosphorylation, which is the key to understand the initial activation of motility 
during epididymal transit [37]. Besides sAC regulation, other Ca” pathways 
independent of cAMP and protein kinase A (PKA) phosphorylation are involved, 
such as the calmodulin pathway [83]. 
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Fig. (8.1). Representative image of the most significant electrolyte composition that constitutes the male 
reproductive tract fluid, which is strongly correlated with pH establishment. Seminiferous tubular fluid is 
produced in the testes and presents an acidic pH. In the epididymis, the pH is also acidic due to the low 
concentration of HCO’, and high concentrations of Ca** and phosphate. Prostate gland produces a prostatic 
fluid with elevated concentrations of K*, citrate and Zn™ with acidic pH. Seminal vesicle is the main 
contributor of HCO’, for seminal plasma and consequently, the seminal liquid has a more alkaline pH. 
Seminal plasma is formed by the addition of some fluids, more notably the STF, prostatic and seminal fluid. 
Some of the ions contributing to an alkaline pH in seminal plasma are HCO, Ca”, citrate and Zn”. 
Abbreviations: STF, Seminiferous tubular fluid. 


Several channels contributing to the control of membrane permeability to Ca™ in 
the sperm membrane have been identified. Luminal Ca™ is mainly absorbed by 
the membrane transient receptor potential Ca™ channel (TRP channels), which 
consist of six transmembrane helices and intracellular N- and C-terminals [84]. 
Two ubiquitous Ca” sensor calmodulin (CaM) binding sites have been identified 
so far in TRP channels [84, 85]. CaM is a constitutive or dissociable Ca**-sensing 
subunit for a large variety of ion channels, including TRP family channels. 
Nevertheless, at the moment, not much is known about the functional role of the 
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CaM molecules bound to a single functional channel [85]. For numerous TRP 
channels, binding of CaM to the C-terminal intracellular segment has been 
described to be essential for Ca’*-dependent inactivation [86, 87], but very few 
details about the molecular mechanisms involved are yet described [88]. 


Luminal variations in Ca” concentrations in the fluid that surrounds sperm during 
epididymal transit were detected. Between the caput and the cauda epididymis, 
luminal Ca” concentration decreases from 0.8 to 0.3 mM in the rat (Table 8.1) [1, 
23]. The luminal Ca” is mainly absorbed by the TRPV6 channel. At the end of 
TRPV6 structure there are approximately 30 amino acids that corresponds to the 
CaM binding sites, and Ca**-dependent channel inactivation is enabled by CaM 
binding to this fragment [86]. Recent studies showed that there is a disruption of 
Ca” absorption by the epididymal epithelium when the Trpv6 gene is deleted, 
resulting in increased Ca™ concentrations in the caudal epididymal fluid [89]. 
When Ca” concentration is altered in rat epididymal fluid, a partial loss of sperm 
motility and fertilization capacity is observed [89]. It was reported that cellular 
Ca” levels are six times higher in caput spermatozoa than in caudal spermatozoa, 
and that the rate of uptake in caput spermatozoa seems to be about three times 
higher than that of caudal spermatozoa [90]. At least some of the effects of Ca” 
on sperm motility are believed to be mediated through CaM, since CaM inhibition 
decreases sperm motility [90, 91]. However, the effects of Ca** on sAC are not 
dependent of CaM [83], which suggests that Ca™ affects sperm motility via 
distinct pathways. Hence, there are at last two different Ca” activated pathways in 
sperm: one that is dependent of CaM and another that is not. 


Briefly, CaM can regulate some cellular functions and control the intracellular 
concentrations of Ca™ and cAMP. It has been suggested that in cells with 
endocrine activity, the mechanisms of Ca**-CaM are similar to the events that take 
place between steroid hormones and their receptor proteins in the cytoplasm [92]. 
Ca™/CaM is involved in multiple functions in sperm, including motility, 
capacitation and the acrosome reaction [91, 93]. CaM is located in the principal 
piece of the flagellum, where the main proteins directly involved in the regulation 
of motility are found. CaM inhibitors decrease sperm motility, but this inhibition 
was shown to be largely reversed by stimulation of PKA, although only when 
substrates for oxidative respiration (lactate and pyruvate) were present in the 
medium. Additionally, when there is substrate for glycolysis (glucose) in the 
medium, but there is no lactate and pyruvate, increased intracellular cAMP is not 
able restore sperm motility. This suggests that CaM is implicated in the regulation 
of glycolysis [94]. Therefore, the inhibition of CaM indirectly affects glycolysis, 
and consequently sperm motility. 
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Ca” can also be directly linked to flagellar function, through regulation of the 
atypical sAC, which generates cAMP to activate PKA. sAC is required for sperm 
motility, and is different from transmembrane adenylyl cyclases, since sAC is the 
only one that is sensitive to both HCO’, and Ca” [95]. sAC activity is molecularly 
distinct from transmembrane AC, since its activity is dependent on the presence of 
Mn”, and is insensitive to forskolin (which is known to increase cAMP levels in 
most cell types) and G protein regulation. Purified sAC exhibited 10-fold lower 
affinity for ATP regarding transmembrane AC (transmembrane AC Km for ATP- 
Mn” is approximately 100 uM, and purified rat testes sAC Km for ATP-Mn” is 
approximately 1 mM) [96]. There is a synergistic interaction between HCO’, and 
Ca”, where HCO’, increases the Vmax (maximum velocity or rate at which the 
enzyme catalyzed a reaction) of the enzyme, while Ca™ increases its affinity for 
ATP-Mn” as a substrate [96]. sAC activity can be responsive for the elevated Ca” 
concentrations established during acrosome reaction and sperm motility, or it may 
be located close to the Ca™ channel, where it may mediate cAMP regulation of 
channel opening [97]. PKA, the classic cAMP target, catalyzes the 
phosphorylation of several flagellar proteins, thus regulating sperm motility. The 
cAMP-PKA signaling pathway also induces phosphorylation of various proteins 
required for capacitation response [98]. 


ELECTROLYTES, PHOSPHATASES AND SEMINAL PLASMA 
COMPOSITION 


Seminal plasma is a fluid that originates from the testes, epididymis, prostate, and 
seminal vesicles secretions. As already described, a part of STF goes into the 
epididymis with spermatozoa, thus joining the epididymal fluid. Seminal plasma 
contains fluids originated by epididymal fluids, which join the fluids released by 
male accessory glands, prostatic fluid and the one produced by seminal vesicles. 
Human seminal plasma contains calcium, citrate, zinc and magnesium in higher 
concentrations than those present in other body fluids [99] (Fig. 8.1). A 
comparison between these electrolytes in prostatic and seminal fluid confirms that 
most of them are originated from the prostate. 


Prostate is a glandular structure enclosed by a fibrous capsule, which is 
structurally divided in three regions: the larger region, the peripheral zone, which 
comprises 70% of the total volume of the gland, and a central zone and a 
transition zone, which account for the remaining 30% [100, 101]. The epithelium 
of prostate is composed of two histologically distinct layers. The secretory 
luminal layer is constituted by columnar cells that express androgen receptors and 
produce prostatic secretions, prostate specific antigen (PSA) and keratinocyte 
growth factor receptor [100]. The other layer that supports the columnar cells 
consists of epithelial cuboid cells. The basal cells, are essentially responsible for 
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the production of p63, cytokeratin 5 and 14, and keratin, and express some 
receptors, such as estrogen receptors, insulin-like growth factor receptors, and 
epidermal growth factor receptors [100, 102]. Neuroendocrine cells are also 
present in the prostate and are thought to be involved in the growth and secretory 
activity of this gland [103]. The main function of the prostate is its secretory 
activity. It essentially secretes PSA, citric acid, prostaglandins and prostatic acid 
phosphatase, which are essential for sperm motility and fertilization capacity (see 
Chapter 10). Prostate secretions are regulated by sex hormones, being dependent 
on androgens and estrogens, and their respective receptors [104, 105]. For 
instance, testosterone was shown to stimulate prostate citrate production [106]. 
The prostatic secretions are important for the control of seminal plasma pH, and 
are able for neutralizing the acid environment of the other fluids (Table 8.1) and 
of the female reproductive tract (see Chapter 10) [3]. 


Prostate is the major source of seminal K* (66.8 mM from prostate and 27.2 mM 
from seminal vesicles) [99] (Fig. 8.1). Less attention has been given to Na* and 
CF, which are also secreted by the prostate gland and seminal vesicles [107]. 
While the concentrations of Cl are identical in prostatic and seminal fluid, Na* is 
slightly lower in the later, what may evidence the fact that both contribute 
similarly to the two fluids [99]. The pH of the fluids is strongly correlated with 
the electrolytic composition. The pH in seminal plasma is maintained around 7.5, 
essentially by the HCO’, produced by accessory reproductive glands [24, 108]. 
The regulation of HCO’, levels in the seminal plasma is achieved by of cytosolic 
carbonic anhydrase isozyme activity, secreted by the seminal vesicle, prostate and 
bulbourethral gland [108]. It has been shown that citrate and zinc levels as well as 
the pH (6.2 in prostate fluid) (Fig. 8.1) in prostatic secretions are correlated with 
secretory enzyme activities, such as acid phosphatases, aminopeptidases and 
ATPases [109]. Prostatic acid phosphatase (PAP) is the essential phosphatase 
responsible for the degradation of lysophosphatidic acid (LPA) in human seminal 
plasma [110]. LPA is a phospholipid that activates specific G protein coupled 
receptors, inducing multiple cellular responses [111]. The expression of LPA in 
seminal plasma and sperm is considerable, although its physiological role is not 
known [110]. Alkaline phosphatase (AP) is another enzyme reported to be present 
in seminal plasma from numerous species. AP catalyzes the hydrolysis of organic 
phosphate at basic pH values [112]. The physiological role of these enzymes is 
speculative in male reproductive tract, but they have been suggested to have an 
essential action in the active transport of substances across membranes. It is 
known that there are considerable variations among the AP activities of seminal 
plasma among different species. Human semen is relatively poor in AP when 
compared with that of other species, such as in bull semen. There is an inverse 
relationship between the amounts of AP ejaculated and serum AP activity [113]. 
Seminal plasma contains prostasomes, which are vesicles secreted by prostate 
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gland that contain cholesterol, sphingomyelin, Ca™ and some other enzymes 
[114]. It is known that prostasomes fuse to sperm at slightly acidic pH values, and 
that this phenomenon involves lipid and protein transfers, modifying the 
properties of sperm membranes [115]. Prostasomes improve sperm motility under 
conditions of low pH, affecting the sperm competition in the vagina which tends 
to be acidic [3]. Seminal plasma has a high buffering capacity which is essential 
for sperm motility and fertilizing ability in environments with different ionic 
compositions and different pH. 


CONCLUDING REMARKS 


It is evident that the maintenance of a proper fluid environment for spermatozoa 
storage and maturation depends on the regulation of absorption/reabsorption and 
secretion of electrolytes and fluids along the male reproductive tract, with greater 
emphasis on the processes that occur in the epididymal duct. Significant progress 
has been made in our understanding of the composition of seminal plasma and 
fluids secreted by accessory glands, providing new insights that ultimately could 
lead to improvement of human reproductive health. Given the general concern 
regarding a putative progressive decline in male fertility, it seems imperative that 
seminal plasma alterations should become an area of intense future research with 
proper justified funds. 


Box 8.1 | Summary 


e Epididymal milieu provides a specialized environment for sperm storage and 
maturation. 


e [Luminal fluid microenvironment has a different composition than that of blood 
plasma. 


e [Luminal acidification in epididymis depends on HCO3 reabsorption and proton 
secretion. 


e The Ca™ and HCO; concentrations in luminal epididymal fluid are important 
for sperm capacitation and motility. 


e Seminal fluid has a high buffering capacity that is essential for sperm motility 
and fertilizing ability. 
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Abstract: The spermatozoon is a highly specialized cell that is formed through a 
complex cellular program of differentiation during spermatogenesis. It has a unique 
structure and chromatin that reflects its vital function. Morphologically it comprises a 
head, a midpiece and a tail. The sperm DNA is confined to the nucleus of the head and 
it has a characteristic protamine-based chromatin that makes it the most condensed 
eukaryotic DNA. This super compaction of sperm chromatin enhances the protection of 
DNA from damage since this cell type do not possess robust repair mechanisms. The 
midpiece is considered the “source of power” of spermatozoa, since it contains many 
mitochondria, which are responsible for the energy production required for motility. 
The tail, also known as flagellum, is crucial for spermatozoa movement and transit 
until they reach the female gamete. The morphological integrity of spermatozoa is of 
extreme importance for their responsiveness to testicular and epididymal factors 
involved in maturation. One of the main features that spermatozoa acquire during the 
maturational process is their motility capacity. This characteristic is not only dependent 
on the communication of spermatozoa with their surroundings, but also on sperm 
intrinsic factors, such as adenosine triphosphate (ATP) and specific membrane and 
secretory proteins. In recent years, sperm epigenome has been a matter of debate 
among researchers. Its importance is related to its impact on the embryo fate and 
offspring development. This chapter will discuss the significance of spermatozoa 
exclusive structure and function for human reproduction and the preservation of 
generations. 
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INTRODUCTION 


Spermatozoa are the male gametes shed from the seminiferous tubules after 
suffering a myriad of changes during the process of spermatogenesis (see Chapter 
4). This cell type is essential for human fertilization and reproduction. To 
accomplish this concrete but fundamental goal, it is necessary that only one 
spermatozoon delivers its genetic material to the female egg, activates its 
development, and generates a new individual. The specialized structural features 
of mammalian spermatozoa reflect their unique functions. While the acrosome 
contains the essential enzymes to allow the spermatozoon to penetrate the egg and 
achieve fertilization, the midpiece contains the energy sources and the flagellum 
the machinery to generate motility [1]. Moreover, the nucleus contains the 
paternal genome, which is organized in 23 haploid chromosomes with a high 
degree of condensation. At fertilization, this set of chromosomes combines with 
the haploid set of the female gamete to form a diploid cell. The chromatin 
structure of the spermatozoon presents three main features that allow its 
distinction from the one of somatic cells: (1) the large majority of DNA is 
packaged by protamines instead of histones; (2) only 5-15% of the histone- 
bounded DNA is not replaced by protamines; and (3) the DNA is attached to the 
sperm nuclear matrix at matrix attachment regions (MARs) at medium intervals of 
roughly 50 kb throughout the genome [2]. Since protamines have about half the 
size of a typical histone [3], they contribute to the 6-fold condensation of sperm 
chromatin relative to somatic cells’ chromatin. This specific organization 
presumably increases the protection of DNA during spermatozoa transit from the 
male to the oocyte prior to fertilization. In addition to the structural integrity of 
spermatozoa, its maturation and motility acquisition are also crucial factors for a 
successful natural reproduction. The attainment of motility by spermatozoa, is 
only possible in proper and controlled environmental conditions during their 
transit throughout the male and female reproductive tracts (see Chapter 10). The 
motile pattern of spermatozoa is vital for the sperm to reach the egg. Firstly, 
spermatozoa motility is activated during their transit through the epididymis 
although this capability is only necessary after ejaculation. Then, spermatozoa are 
hyperactivated in the female tract, so they can achieve their fertilizing ability. In 
fact, if a spermatozoon lacks motility or presents an altered motile pattern, it will 
not be able to fertilize the oocyte, unless technological intervention is made. 


Nevertheless, sperm chromatin and DNA are always susceptible to damage, 
which constitutes a risk factor for the development of embryo abnormalities. In 
fact, exposure to physical agents or chemicals, including therapeutic drugs and 
environmental toxicants, can affect the integrity of sperm chromatin, inducing 
structural, genetic and/or epigenetic alterations. Anomalies on sperm chromatin 
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structure such as poor chromatin packaging and/or DNA damage may have an 
impact on male fertilizing ability. Epigenetics englobes the study of gene 
expression alterations that occur in the absence of changes in DNA sequence and 
that are fairly stable across the life of an individual [4]. Histone retention and 
modification, protamine incorporation into the chromatin, DNA methylation, and 
spermatozoa RNA transcripts appear to play important roles in the epigenetic state 
of mature spermatozoa. In fact, the histone-bound chromatin identifies genes that 
are important for embryonic development. The mechanisms by which such 
damage is triggered are still largely unresolved and the susceptibility of each 
individual will depend on their genetic background, lifestyle and exposure to 
various insults. Depending on the nature of the chemicals, they may directly target 
the DNA, induce oxidative stress, or modify the epigenetic elements. All these 
topics will be addressed in the present chapter, highlighting the importance of 
spermatozoa unique architecture for human reproduction and evolution. 


SPERM ULTRASTRUCTURE AND CHROMATIN 


Morphology of Human Spermatozoa 


Spermatozoa present a unique and complex morphology. In general, they 
comprise a head, a midpiece and a tail region (Fig. 9.1), commonly known as 
flagellum [5]. The spermatozoon is smaller than most cells in the body, but its 
size does not reflect its fundamental function of generating a new human being. 
The size, shape of the head, length and relative amount of the different 
components of the flagellum is species-specific [1]. The head of human seminal 
spermatozoa is pear-shaped, with a median length of 4.4 um and width of about 3 
um [6]. The nucleus occupies most of the sperm head area and contains a haploid 
set of condensed, genetically inactive chromosomes [7]. The apical half of the 
nucleus is covered by the acrosome (Fig. 9.1), which represents about 48% of the 
sperm head surface [6]. This acrosomal cap is a membrane-enclosed cytoplasmic 
vesicle originating from the Golgi apparatus during sperm formation [8]. It 
contains several polysaccharides (e.g. galactose, mannose, fructose, and 
hexosamine) [9] and hydrolytic enzymes with a preponderant role in the 
penetration of the sperm into the egg membranes [5]. The part of the nucleus that 
is not overlaid by the acrosome cap constitutes the postacrosomal region [10]. The 
sperm head also contains a small amount of cytoplasm and several cytoskeletal 
structures, including the dense perinuclear layer that is made of basic proteins 
(e.g. calicin and cylicin) associated with calmodulin and actin filaments [11]. On 
the base of the sperm head there is a small structure called connecting piece (or 
neck) that connects the head to the midpiece. The connecting piece harbors the 
proximal centriole and the empty vault. The proximal centriole is composed of 
nine microtubule triplets and has a vital role on the orchestration of cell division 
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in the embryo, while the empty vault is originated after the degradation of the 
distal centriole during spermiogenesis [12]. The connecting piece provides a basal 
anchor to the axoneme and is covered by several redundant nuclear envelopes 
[13]. It has also been proposed to be responsible for flagellum beat initiation and 
alternating directions of bends propagating down the beating flagellum [14]. 


The midpiece has a cylindrical shape and has about 5-9 um of length and half the 
width of the sperm head (Fig. 9.1) [15]. Its structure consists of numerous 
mitochondria spirally arranged around the outer dense fibers (ODF) and the 
central axial filament - axoneme [1]. The mitochondrial sheath is responsible for 
the production of adenosine triphosphate (ATP), which is the energy supply 
needed for tail motility during the migration upon the female reproductive tract. 
The axoneme is essentially a long, specialized ciltum formed by a core of 
microtubules, surrounded by ODF extending from the connecting piece to the 
principal piece. It has a characteristic “9+2” structure, i.e., two central singlet 
microtubules encircled by nine outer doublet microtubules (A- and B-tubules). 
Radial links connect the central microtubule pair to each surrounding microtubule 
doublet, and nexin bridges connect adjacent doublets [16]. Outer and inner 
dyneins are observed as projecting “arms” that slide along each outer doublet 
microtubule. This active sliding has been associated with spermatozoa flagellar 
movement [17]. A cytoplasmic droplet is frequently found at the midpiece or at 
the junction of the midpiece with the principal piece in human mature 
spermatozoa. This tiny droplet-like structure is usually retained after the removal 
of spermatids cytoplasm by Sertoli cells at the end of spermiogenesis, and is 
suggested to play a key role in sperm volume adaptation [18]. At the distal part of 
the mitochondrial sheath of sperm midpiece is a traverse septin-based ring called 
annulus (Fig. 9.1) that is the hallmark of the separation between the midpiece and 
the principal piece [19]. 


The sperm tail is the only functional flagellum in humans and it can be divided 
into principal piece and end piece. The principal piece constitutes most of the tail, 
having an average length of 40-45 um [15]. It is constituted by the axoneme 
surrounded by a sheath of supportive fibers composed of two longitudinal 
columns that run parallel to ODF (Fig. 9.1). The main function of principal piece 
is to propel the spermatozoon towards the oocyte, changing both the amplitude 
and frequency of the whip-like movement of the tail to facilitate sperm 
hyperactivation and egg penetration. 


Finally, the end piece is the narrowest part of the sperm and is about 4-5 um long 
[15]. It consists of the axoneme and the ends of ODF and fibrous sheath [7]. 
Moreover, the whole spermatozoon is enveloped by a plasma membrane that 
presents a high lipid content, especially of polyunsaturated fatty acids (PUFAs) 
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[20, 21]. This biochemical constitution confers a fluidity and flexibility to the 
sperm plasma membrane, which is essential for the fusion with the oocyte 
membrane at fertilization [21]. Overall, the morphological integrity of 
spermatozoa is vital for their adequate response to further maturational processes 
and for the acquisition of fertilizing ability. 
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Fig. (9.1). Schematic representation of human spermatozoon structure. It is constituted by the head, 
connecting piece, midpiece, principal piece and end piece. The head is mainly composed by the nucleus that 
is enveloped by the acrosome. The connecting piece contains the proximal centriole surrounded by the 
nuclear redundant envelopes. The midpiece holds the mitochondrial sheath, which is the site of energy 
production. These several mitochondria are organized around the outer dense fibres and the axoneme. The 
axoneme extends from the basis of the head (connecting piece) until the end of the sperm flagellum. 
Separating the midpiece and the beginning of the tail is a ring-like small structure called annulus. The tail 
comprises the principal piece that is the lengthiest part of the spermatozoon, and the end piece, the narrowest 
part. Besides the axoneme, the principal piece also contains the outer dense fibres surrounded by a fibrous 
sheath. The end piece is mainly composed by the axoneme. The spermatozoon is enveloped by a plasma 
membrane. 


Spermatozoa Function Andrology: Current and Future Developments, Vol. 1 235 
Characterization of Sperm Chromatin 


The structural arrangement of sperm chromatin is vital to the proper functioning 
of these cells. The chromatin structure of spermatozoa is organized to resist to 
conditions that could damage the DNA. At the same time the chromatin must 
have the property of rapidly making the DNA available to the ooplasm. Sperm 
DNA is contained in the nucleus of the sperm head, occupying much of the 
nuclear volume. Though, it is the most tightly condensed eukaryotic DNA, being 
at least 6-fold more compacted than the DNA in somatic cells [22]. This is mostly 
due to the different types of DNA packaging. In the case of somatic cell nuclei 
and mitotic chromosomes, DNA is wrapped around histone octamers forming 
nucleosomes [23]. The nucleosomes are then further coiled into regular helixes 
called solenoids [24]. Concerning sperm DNA, it is known that, during 
spermiogenesis, the vast majority of histones is replaced with transition proteins 
and then with protamines (Fig. 9.2) [25]. During this process of 
remodeling/compaction of sperm chromatin, naturally occurring DNA strand 
breaks induced by topoisomerase II arise to relieve the torsional stresses that 
accompany the transition of sperm chromatin from an exclusively nucleosomal to 
a predominantly protamine-based configuration [26]. Protamines are small and 
highly basic proteins responsible for the higher degree of sperm chromatin 
compaction. Human sperm contain two types of protamines, P1 and P2, both 
present in roughly equal quantities [27]. Alteration in this 1:1 ratio have been 
correlated with general infertility and poor fertilization ability [28]. These 
protamines are very rich in positively charged arginine residues (55-79%), which 
neutralize the strong negative charges of the phosphate groups in the DNA 
backbone, thus permitting a strong DNA binding [29]. They also contain several 
cysteines that are responsible for conferring increased stability to sperm 
chromatin through multiple inter- and intraprotamine disulfide cross-links [29]. 
During the transit of spermatozoa through the epididymis, a final stage of 
chromatin organization occurs to originate an even more compacted chromatin. 
This process involves loss of water, an increase in the formation of disulfide 
bonds, and an additional reduction in the volume of sperm nuclei. Moreover, 
throughout this sperm epididymal maturation there is a complete restriction of the 
facilities for DNA replication and transcription [30]. Typically, this super- 
compacted sperm DNA occupies a 40-fold lower volume than somatic cells’ DNA 
[31]. Furthermore, the human sperm chromatin contains zinc, more specifically 
one zinc ion for each protamine molecule [27]. This feature allows the formation 
of zinc-stabilized structures (zinc fingers) among histidines and cysteines, thus 
locking the tertiary structure and thereby reducing the number of accessible 
conformations of the protamine. This increases the conformational stability of 
these proteins when interacting with DNA [25]. Protamines bounded to sperm 
DNA form doughnut-loop domains (Fig. 9.2), known as toroids, that contain 
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roughly 50 kb of DNA [2]. Protamine toroids may be organized to form a linear, 
side-by-side arrays of chromatin (Fig. 9.2), resulting in an extremely condensed 
chromatin, in which most of DNA is hidden within the toroid [32]. Each 
protamine toroid contains a single DNA loop domain [33]. The toroid exists in a 
semi-crystalline state and is resistant to nuclease digestion, thus protecting DNA 
from degradation [34]. However, between each protamine toroid, there is a 
nuclease sensitive segment of chromatin called the toroid linker (Fig. 9.2), which 
is also the site of attachment of DNA to sperm proteinaceous nuclear matrix, 
commonly known as MARs [35]. The protamine-based configuration of sperm 
DNA facilitates its protection, transport and safe delivery to the oocyte [36]. 
Nevertheless, the haploid chromatin of human sperm usually retains 5-15% of 
histones [37], a higher percentage in comparison to other mammalian species 
(e.g., bulls, hamsters, and mice) that only retain up to 5% [38]. Therefore, 
compared to other mammalian species, human sperm chromatin is relatively less 
compact. Histones are important for the regulation of the degree of DNA 
compaction and modulation of gene expression, since they can be modified by 
post-translational modifications (PTMs) that restrict or facilitate the access of 
transcription factors to the DNA [39]. Several histones have been identified in 
human sperm, including nuclear proteins histone 2A and 2B (H2A and H2B), 
histone 3 (H3), histone 4 (H4), and the testis-specific histone (tH2B) [40, 41]. 
Some studies have demonstrated that the distribution of histones throughout the 
sperm genome is not random, as they seem to be associated with specific genes 
[37, 42]. It has been suggested that histones are present in relatively large tracts of 
DNA, from 10 to 100 kb, and in smaller tracts of DNA interspersed throughout 
the genome. Moreover, the nuclease sensitivity at MARs suggests that these 
protamine linker regions are bounded by histones [37, 42]. 


After fertilization, sperm chromatin decondenses and protamines are completely 
replaced by histones in the first 2—4 h, so that the paternal chromatin has the same 
accessible chromatin as all other somatic cells [43]. Sperm nuclear matrix is also 
disrupted at fertilization, but sperm nuclei contain a unique structure called sperm 
nuclear annulus to which the entire complement of DNA seems to be anchored 
[44]. The sperm nuclear matrix acts as a checkpoint for sperm DNA integrity after 
fertilization, being essential for DNA replication [2]. While protamines are unique 
to mature spermatozoa, histones and MARs are both found in somatic cells and 
can be presumed to be residual from the sperm progenitor cells from which 
spermatozoa are produced [2]. These findings provide evidence for the protective 
role of protamines during the transit of spermatozoa from testis to the moment of 
fertilization. The structural organization of both histone-bound chromatin and 
sperm MARs are probably transmitted to the newly formed paternal pronucleus 
after fertilization and suggests that both are required for proper embryogenesis. It 
is possible that the newly fertilized oocytes inherit histone-based chromatin 
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structural organization from the sperm (Fig. 9.2) [2]. These intricate features of 
sperm chromatin are essential for sperm function and for the success of 
fertilization. 
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Fig. (9.2). Schematic representation of human sperm chromatin remodelling. The DNA of round spermatids 
is typically bounded to histone octamers, forming nucleosomes. These structures are folded into regular loops 
called solenoids. During spermatogenesis, most of this histone-based chromatin is replaced by protamines. 
However, 5-15% of the histones are retained. Protamines condensation leads to the formation of doughnut 
loops, known as toroids, to increase DNA protection. Protamine toroids are usually organized side-by-side, 
linked between each other by a nuclease sensitive segment of chromatin called the toroid linker. This 
structure also constitutes the site of attachment of DNA to the nuclear matrix - matrix attachment regions 
(MARs). At fertilization, the sperm chromatin decondenses and protamines are completely replaced by 
histones. The histones that have not been replaced during spermatogenesis are the inherited ones, whereas 
those that have been replaced are, at this point, newly acquired histones. It is believed that the retained 
histones carry the paternal epigenetic marks to the zygote. The MARs are also probably retained in the 
paternal pronucleus. 


NOVEL MODULATORS OF SPERM MOTILITY 


The acquisition of motility is one of the most important features of spermatozoa 
for a successful natural reproduction. Besides their single morphology and 
chromatin, their uniflagellar movement is essential for their course to encounter 
the female gamete and fuse with it. Although sperm count and viability are 
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common parameters correlated with fertility, it is necessary only one 
spermatozoon from a population of hundreds of millions to fertilize the egg. 
However, a non-motile or abnormally-motile sperm is not able to fertilize unless 
technological intervention is made [45]. Hence, the assessment of motility is a 
central part of the evaluation of sperm quality to estimate the fertilizing ability of 
an individual. The sperm flagellum is a complex structure that contains the 
essential machinery for sperm movement. In addition, the acquisition of sperm 
motility is mostly regulated by the communication with the surrounding 
environment [46]. 


When spermatozoa are released from the seminiferous epithelium, the flagellum is 
immotile. During spermatozoa transit through the male reproductive tract, 
spermatozoa acquire activated motility [47]. This type of motility is mostly 
characterized by organized movements of the flagellum, as seen in freshly 
ejaculated sperm [48]. The passage through the epididymis is a key factor for the 
activation of sperm motility, since the epididymal epithelium secretes several 
proteins involved in motility acquisition (see Chapter 7). Surprisingly, it is 
believed that epididymal spermatozoa are largely immotile (quiescent state) [49]. 
In the proximal regions of epididymis, spermatozoa are still very immature. Then, 
once the capacity for motility is acquired by spermatozoa, the composition of the 
epididymal distal regions keep the sperm flagellar movement almost arrested via 
the low pH, low concentrations of Na’ and high concentrations of K“ [50]. Besides 
the epididymis, the ionic composition and osmolality of seminal plasma and male 
accessory fluids are also essential for the regulation of the pH to which 
spermatozoa are subjected during their transit through the male reproductive tract 
(see Chapter 8). On ejaculation, spermatozoa are subjected to changes in the 
external medium composition, passing through high ionic strength fluids of low 
osmolality, low K“ and high Na’, which contribute for motility activation [51]. 
The flagellum of an activated sperm generates a symmetrical, lower-amplitude 
waveform that drives the sperm almost in straight line in relatively non-viscous 
media, such as seminal plasma [46]. In addition, mammalian sperm display other 
type of physiological motility, the so-called hyperactivated motility, as seen in 
most sperm collected from the fertilization site. At some point after the 
spermatozoon reaches the oviduct, the flagellum is hyperactivated. Subsequently, 
the pattern of the flagellar beat changes to an asymmetric movement of higher 
amplitude, resulting in sudden changes in the direction of travel [52, 53]. It has 
been suggested that hyperactivated motility helps sperm to detach from the 
oviductal epithelium, move progressively through the oviductal environment to 
reach the site of fertilization, and penetrate the egg membrane [54]. 


The communication of spermatozoa with their surroundings is of extreme 
importance to attain activated and hyperactivated motility, although, these 
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processes are mediated by sperm intrinsic factors, including ATP, specific 
membrane and secretory proteins [55]. The ATP produced at sperm midpiece 
constitutes the energy source for sperm motility acquisition. This feature is 
mediated by the phosphorylation/dephosphorylation and the associated activation 
and inactivation of the axonemal dynein arms. When dynein become 
phosphorylated, dynein ATPase enzyme hydrolyzes ATP and convert it into a 
unidirectional force [56]. Then, each dynein arm interacts with its adjacent 
microtubular doublet and generate a power stroke that forces the microtubules to 
slide past one another [57]. Since the axoneme is anchored to the base of the 
sperm head, this sliding force is translated into a bend in the flagellum. 
Dephosphorylation of dynein by the calmodulin-dependent protein phosphatase 
calcineurin reverses this process [46]. This protein phosphorylation and 
dephosphorylation is tightly regulated by the coordinated and opposed activity of 
protein kinases and protein phosphatases. While protein kinases transfer a 
phosphate group from ATP or guanosine triphosphate (GTP) to a given protein, 
typically at serine, threonine, or tyrosine residues, protein phosphatases catalyze 
the removal of phosphate groups from specific residues and revert proteins to a 
non-phosphorylated conformation [58]. Among sperm protein kinases is the 
protein kinase A (PKA), also known as cAMP-dependent protein kinase, since it 
is only activated when cAMP is present [59]. Mammalian sperm cAMP synthesis 
is catalyzed by a unique adenylyl cyclase termed soluble adenylyl cyclase (SAC). 
At ejaculation, this enzyme is activated by the increased extracellular bicarbonate 
concentration (9-10-fold increase) [60]. sAC has an affinity for ATP in the 
millimolar range, rendering the enzyme sensitive to fluctuations in ATP 
production. cAMP assists sperm protein phosphorylation by PKA, which controls 
the phosphorylation state of functional proteins in the flagellar axoneme [61]. 
Mature spermatozoa contain specific A-kinase anchoring proteins (AKAPs), such 
as AKAP3 and AKAP4, which are associated with the cytoskeletal fibrous sheath 
of sperm flagella [62]. The PKA binding to AKAP molecules by the interaction 
with their regulatory subunits regulates sperm motility [63]. In fact, the disruption 
of this interaction between PKA with AKAPs may lead to the inhibition of sperm 
motility [64]. Thus, cAMP/PKA signaling evidences a pivotal role in initiation, 
maintenance and control of sperm motility. Moreover, mitochondrial F1-ATPase 
is also known to be a target of PKA signaling pathway [65]. Since the activation 
of this complex leads to an increased production of ATP, the phosphorylation (at 
serine residues) of Fl-ATPase in epididymal spermatozoa is suggested to be 
relevant for motility [66]. Other protein kinase that correlates with sperm motility 
is glycogen synthase kinase 3 (GSK3), more specifically a and B isoforms [67, 
68]. Phosphorylation of GSK3 leads to the inhibition of its activity, and cAMP- 
dependent PKA is one of the proteins that negatively regulate GSK3 activity. 
Serine/tyrosine phosphorylation of GSK3 significantly increases in sperm during 
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their passage through the epididymis [68, 69]. In fact, immotile caput sperm 
contain 6-fold higher GSK3 activity than sperm at cauda epididymis, which 
contrastingly are motile-activated [68]. GSK3 activity is correlated with protein 
phosphatase 1 (PP1) function, which is also a key regulator of sperm motility. The 
activity of PP1 is controlled by the presence of specific inhibitors, including the 
inhibitor-2, thus forming a PP1—I2 complex. GSK3 is involved in the dissociation 
of this complex through the reactivation of PP1. The catalytic activity of this 
enzyme is known to change during epididymal maturation and a decreased 
activity has been associated with an increase in sperm motility [70]. In fact, the 
activity of the testis-specific isoform of PP1 (known as PP1y2) in immature sperm 
is two-fold higher than in mature motile caudal spermatozoa. Thus, the inhibition 
of PPly2 activity is involved in both motility initiation and motility stimulation 
[71]. However, targeted disruption of this phosphatase gene in mice, results in 
male sterility characterized by sperm tail malformation [72]. Recent studies on 
mature sperm from mice [73, 74] and humans [75] have revealed that a Src family 
kinase (SFK) is able to inactivate Serine/Threonine phosphatases, thus being 
involved in the signaling pathways associated with sperm motility. This tyrosine 
kinase has been detected in the midpiece of mature mouse sperm, but not in sperm 
of the caput region, as Src is only incorporated into sperm during their transit 
from the corpus to the cauda [76]. Sre-null mice have demonstrated normal 
tyrosine phosphorylation, although forward sperm motility has been significantly 
reduced [76]. Other pathways that have been suggested to be involved in the 
phosphorylation of proteins associated with mature sperm motility include: 
phosphatidylinositol 3 kinase-protein kinase B/AKT (PI3K—PKB/AKT) [77, 78], 
mitogen activate protein kinase (MAPK) [79], Janus kinase/signal transducers and 
activators of transcription (JAK/STAT) [20], but the intricate mechanisms are not 
clear. 


The influx of Ca” across spermatozoa membrane is important for triggering 
several cell functions, including flagellar movement. The intracellular Ca” in 
mammalian sperm is controlled by sperm-specific Ca” channels called cation 
channels of sperm (CatSper). The CatSper channel complex comprises four 
homologous a subunits (CatSper 1—4) that are located on the sperm tail and are 
involved in sperm hyper-activation and fertility by calcium influx [80, 81]. It also 
includes at least three auxiliary CatSper subunits: B, y and 6 [82]. When reaching 
the oviduct, progesterone and prostaglandins activate CatSper channels, thus 
modulating sperm motility hyperactivation [83, 84]. CatSper are members of the 
voltage-gated ion channel superfamily that includes voltage-gated potassium, 
sodium, and calcium channels; cyclic nucleotide regulated (CNG) channels; and 
transient receptor potential (Trp) channels [85]. Both CatSperl and CatSper2 
calcium channels are specifically present in the principal piece of mature sperm 
flagellum [86, 87]. CatSperl is required for cAMP-induced calcium influx into 
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sperm [46]. Targeted deletion of the CatSperl gene results in the ablation of the 
cAMP-stimulated rise in intracellular sperm calcium, leading to male infertility 
due to poor sperm motility [86]. It has also been demonstrated that the targeted 
deletion of the CatSper2 gene results in the absence of hyperactivated sperm 
motility and hence male infertility [87]. Thus, channel-mediated movement of 
extracellular calcium into the flagellum is required for both types of motility. 
Among the calcium permeable channels of spermatozoa, only CatSperl and 
CatSper2 are known to be critical for male fertility. 


The sperm sodium—hydrogen exchanger (SNHE), also present on the principal 
piece of the sperm flagellum, is involved in the exchange of cations for protons 
across the cell membrane [88]. The disruption of the sNHE gene causes complete 
male-specific infertility as a result of a dramatic effect on spermatozoon motility 
[89]. sNHE appears to establish a molecular link between spermatozoon pHi and 
cyclic nucleotide metabolism in the motility signaling system [90]. Although, 
sNHE signaling pathways are largely unknown, it has been suggested to be 
important for the stabilization of the functional sAC enzyme [88]. 


SPERM CHROMATIN INTEGRITY AS A PARAMETER OF SPERM 
QUALITY 


Throughout the years, standard semen parameters have been established to assess 
whether a male can be considered fertile or infertile. Among those are included: 
sperm count, viability, motility and morphology [91, 92]. However, these 
parameters do not evaluate the quality of the sperm nuclear material. Sperm DNA 
or its chromatin structure are likely susceptible to damage, not only during 
spermatogenesis, but also through its pathway to encounter the female gamete. 
Among the several factors that may lead to sperm DNA damages are included: (1) 
unrepaired DNA breaks during chromatin remodeling and packaging during 
spermiogenesis; (2) abortive apoptosis, which may lead to the misleading 
elimination of germ cells from the genetic pool; (3) increased oxidative stress 
either resulting from internal or external production of reactive oxygen species 
(ROS); (4) action of endogenous endonucleases and caspases; and (5) exposure to 
genotoxic agents, either from a certain therapeutic approach or occupational/ 
environmental reasons [93]. Most likely, these factors are interrelating, and are 
known to have a negative impact on male fertility rates. Particularly, the excessive 
generation of ROS has been associated with poor semen quality and sperm DNA 
fragmentation [94]. The susceptibility of spermatozoon for ROS attack relates to 
the high content in PUFAs of its plasma membrane, in combination with the lack 
of antioxidants and DNA repair systems in these cells [21]. Antioxidant defenses 
such as catalase and superoxide dismutase are present in most somatic cells 
cytoplasm. Since there is a removal of most spermatozoon cytoplasm during 
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spermatogenesis, these specialized cells lost most of those compounds. Moreover, 
since they contain a large number of mitochondria, there is an electron leakage 
that may lead to the generation of high amounts of ROS. Consequently, the 
antioxidant defensive capacity becomes limited [95]. 


The increasing rates of subfertility/infertility among young couples has led to a 
higher demand on the accuracy of sperm parameters analysis. Therefore, the 
prognostic value of sperm DNA and chromatin integrity tests has been highlighted 
in the evaluation of fertility problems and reproductive outcomes. Several types of 
assays have been developed in order to detect chromosomal aberrations [96], 
DNA fragmentation and compaction [97 - 99], and protamination defects [100]. 
So far, the test that has demonstrated the most accurate clinical results in terms of 
fertility outcomes is the sperm chromatin structure assay (SCSA), a flow 
cytometric test that measures the susceptibility of sperm DNA to acid-induced 
DNA denaturation in situ [98]. While the DNA of sperm with a normal chromatin 
structure do not denature, if the DNA is somewhat damaged and contains breaks 
in the DNA strands it can reach different degrees of denaturation [93]. In this test, 
spermatozoa are subjected to a mild acid treatment and then are stained with a 
fluorescent dye called acridine orange [101]. Through a specific SCSA software 
(SCSA-Soft; SCSA Diagnostics, Inc., Brookings, SD, USA), a scatter plot is 
created, showing the ratio of green and red sperm [93]. Sperm fluoresces in green 
when the fluorochrome is intercalated between intact double-stranded DNA and 
fluoresces in red in single-stranded DNA. The percentage of red sperm reflects the 
amount of spermatozoa with denatured DNA and is expressed as a DNA 
fragmentation index (DFI) [101]. Population-based studies have evidenced the 
excellent prediction power of this assay concerning the achievement of pregnancy 
[102, 103]. A DFI between 0—20%, reflected a constant chance of spontaneous 
pregnancy. When DFI was 20%, the chance of obtaining a spontaneous pregnancy 
was decreased and when the DFI level passed 30-40%, the change was close to 
zero. Even though, when DFI was <20%, only 13% of all cycles resulted in a 
pregnancy. These results demonstrate that, in a normal population, not selected 
because of infertility problems, SCSA is a valuable tool to identify men who are 
at risk of not giving rise to a pregnancy. It is not possible to get the same 
information from the traditional sperm parameters [102, 103]. Moreover, other 
study with the same SCSA test, evidenced the increased risk of being infertile 
when the DFI was >20% in men with normal standard semen parameters [104]. 


The evaluation of sperm DNA integrity has also been highlighted in assisted 
reproductive technologies (ART). In fact, there has been an increasing association 
between sperm DNA integrity and fertility, success of in vitro fertilization (IVF) 
techniques and pregnancy rates [105]. It has been reported that a DFI value >27% 
is associated with pregnancy failure in ART [106, 107]. However, recent studies 
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demonstrated that even spermatozoa with high DFI can be used to achieve 
pregnancy with help of IVF techniques and intracytoplasmic sperm injection 
(ICSI), but it is still unclear whether the chance of pregnancy is related to the 
level of DFI [108]. This question needs to be further investigated, but the 
relevance of DNA fragmentation assays in the evaluation of sperm quality is 
evidently clear. 


SPERM EPIGENOME AND IMPLICATIONS TO OFFSPRING 


Epigenetics can be defined as the study of mitotically or meiotically heritable 
modifications in the function of specific genes, without considering alterations in 
DNA sequence [109]. Based on previously held beliefs, spermatozoa were 
thought to be incompetent to drive epigenetic changes in the embryo, since it was 
believed to occur a total substitution of histones by protamines. Contrastingly to 
protamines, histones are capable of eliciting gene activation or silencing via tail 
modifications (e.g. methylation or acetylation). Recently, this dogma has changed 
and it is known that protamination is incomplete and a small percentage of 
histones is retained, thus probably transmitting certain characteristics of paternal 
genome to the zygote. It has been shown that histone retention in fertile patients is 
found at the promoters of genes important in the embryo, including 
developmental gene promoters, microRNA clusters, and imprinted loci, 
suggesting that the nucleosome retention is programmatic in nature [37]. 
Accordingly, an increasing interest has arisen concerning the study of the role of 
sperm epigenome as a determinant of embryo fate and progeny development 
[110]. Growing evidence suggests that mature sperm provide appropriate 
epigenetic marks (Box 9.1) that drive specific genes toward activation and 
contribute to the pluripotent state of the embryonic cells [111]. 


Box 9.1 | Summary 


e Histone retention and modification: 

- Protamine incorporation into sperm chromatin; 

- Distribution of histones and protamines throughout the genome; 
e DNA methylation; 
e Spermatozoal RNA transcripts. 


DNA Methylation 


One of the major epigenetic marks established during spermatogenesis is DNA 
methylation, which involves the methylation of cytosine residues, mainly (60- 


244 Andrology: Current and Future Developments, Vol. 1 Tania R. Dias 


80%) at cytosine-phosphate-guanine (CpG) dinucleotides [112]. Genomic 
methylation patterns in somatic differentiated cells are generally stable and 
heritable. Sperm DNA methylation is essential to allele-specific imprinting of 
certain genes, regulation of gene expression, and inactivation of X chromosome 
[113]. CpG dinucleotides found in high concentrations near the gene promoter are 
potent inhibitors of transcription when methylated. While hypermethylation at 
promoters blocks the access of transcriptional machinery, inhibiting gene 
expression; hypomethylation facilitates gene activation, since there is an increased 
accessibility of polymerase to DNA [111]. The process of DNA methylation is 
catalyzed by enzymes known as DNA methyltransferases (DNMTs) [114]. Recent 
data concerning the human sperm methylome, classified a ‘normal’ methylation 
status of genomic CpGs at 96% [115]. Aberrant methylation of promoters for 
specific genes was associated with sperm defects and male infertility [116, 117]. 
The process of DNA methylation is closely related with gametogenesis. After 
fertilization, there is an active demethylation of sperm DNA that is contrasted 
with passive demethylation of maternally derived DNA. Subsequently, there is a 
resetting of the primordial germ cells, resulting in the remodeling of the parental- 
specific methylation patterns of imprinted genes [117]. Then, de novo monoallelic 
sex-specific methylation takes place during gametogenesis, so that the offspring 
imprinted genes are exclusively expressed from either the paternal or the maternal 
allele [118]. These data suggest that DNA methylation plays an essential role not 
only in sperm, but also in the embryo. 


Histones Retention and Associated Modifications 


Histones retention and modification represent other epigenetic chromatin marks, 
which is critical for transcriptional regulation [119]. Alterations in histone 
retention can affect sperm function at two levels. Firstly, they could alter 
protamine content and the tightly regulated P1/P2 ratio, which is indicative of 
poor semen quality, increased DNA damage and decreased fertility [120, 121]. In 
fact, sperm concentration, motility, and morphology were found to be 
significantly reduced in patients with either a low or high P1/P2 ratio, as 
compared to patients with a normal ratio [122]. An altered P1/P2 ratio has also 
been correlated with a negative impact on embryo quality and IVF outcome [121]. 
Moreover, an increased histone to protamine ratio is often present in infertile men 
when compared to fertile counterparts with a subset of infertile men possessing 
complete protamine deficiency [28]. Secondly, alterations in histone retention 
may induce the incorrect distribution of histones and protamines throughout the 
genome, which may have an impact on normal embryo development [111]. 


Concerning the PTMs, these occur at lysine and serine residues of histones tail, 
and can influence targeted gene activation or silencing. The main forms of 
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modifications in sperm include methylation, acetylation, ubiquitination, and 
phosphorylation, which can act alone or in combination. Histone modifications 
are dynamic, since they can be easily induced and removed by a wide range of 
enzymes. Acetylation is the most relevant histone change. It occurs at lysine 
residues on the amino-terminal tail domains and is regulated by the action of 
histone acetyl transferase (HAT) and histone deacetylase (HDAC) [123]. 
Generally, acetylation reduces the affinity of histones for DNA, making genes 
functionally active, whereas histone deacetylation leads to chromatin 
condensation, making genes transcriptionally inactive [119]. On the other hand, 
histone methylation is a key regulator for both activation and inactivation of 
transcription. Methylation and demethylation are catalyzed by the histone 
methyltransferase and demethylase [124]. Histone methylation on lysine (K) 
residues of H3 or H4 can promote gene activation and/or repression. For example, 
while methylation at lysine 4 of histone H3 (H3-K4) is linked to gene expression, 
H3K9 and H3K27 di- and tri-methylation is associated with gene silencing [125]. 
Nevertheless, sperm genome regions that remain bounded to nucleosomes appear 
to be associated with hypomethylated DNA. This highlights the involvement of 
transcriptional activation of specific gene families in early cell differentiation and 
embryogenesis, perhaps in the early embryo [111]. Moreover, altered patterns of 
sperm DNA and histone methylation have been reported in infertile men, 
supporting earlier studies into the relationship between DNA methylation and 
pregnancy outcome in IVF techniques [121]. 


Spermatozoal RNA Transcripts 


The presence of RNA molecules in spermatozoa suggests another type of 
regulatory mechanism that is implicated in conveying epigenetic information 
[126]. The types of RNA molecules present in spermatozoa include mRNAs and 
non-coding RNAs. During spermatogenesis there is an active post-transcriptional 
protein-coding mRNA regulation, which is especially important at later steps 
when chromatin compaction induces transcriptional silencing in elongating 
spermatids [127]. The small non-coding RNAs are not used as a template for 
protein synthesis, but they function as cellular modulators of gene expression at 
post-transcriptional or translational level, to control the properties of their target 
mRNAs. Several small RNAs have been identified in sperm, including Dicer- 
dependent microRNAs (miRNAs) and endogenous small interfering RNAs (endo- 
siRNAs), as well as Dicer-independent PIWI-interacting RNAs (piRNAs) [128]. 
During spermatozoa differentiation, miRNAs mediate the stage-specific control of 
gene expression by affecting the stability of their target mRNAs or, in some cases, 
the translation of mRNAs [129]. The post-transcriptional RNA regulation by 
endo-siRNAs involves the induction of target mRNA degradation or silencing. 
Although the main targets for the testicular endo-siRNAs are mRNAs (92%), they 
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can also target transcripts of pseudogenes (3%), retrotransposons (1%), and non- 
coding RNAs (4%) [127]. Concerning piRNAs, their functions are mediated 
through binding to PIWI proteins, which are predominantly expressed in the 
germline of a variety of organisms [130]. In mammals, different populations of 
piRNAs have been identified in spermatogonia, spermatocytes and spermatids. It 
has been demonstrated that piRNAs are not only involved in male germ line 
development, but also in retrotransposon repression and epigenetic regulation 
[131]. Since the retention of spermatozoal RNA transcripts in spermatozoa begins 
to occur during early stages of spermatogenesis, it came the possibility that these 
small molecules can carry hereditary information from one generation to the next 
[119]. It appears that spermatozoal RNA transcripts are capable of inhibiting the 
protamination process, thus maintaining a histone-bound chromatin structure 
[126]. RNA transcripts colocalize with nucleosome-bound chromatin near the 
nuclear envelope in the mature sperm. Although this mechanism is not fully 
understood, this colocalization seems to provide a possible explanation for the 
regulation of histone retention. A selective retention in sperm seems to be 
advantageous for targeted gene activation or silencing in the embryo [111]. 
Spermatozoal RNAs also seem to possess the capacity to regulate histone 
modifications and DNA methylation, whereas the chromatin structure and DNA 
modifications in turn may affect transcription of RNAs [132]. The genetic origins 
of RNAs identified in sperm are highly correlated with regions of the genome that 
are hypomethylated and enriched in histone proteins, especially those with 
H3K4me3 modifications. RNAs present in the mature spermatozoa are delivered 
to the oocyte, thus triggering essential functions during early embryogenesis 
[133]. Still, studies should be made to further disclose the biochemical 
mechanistic behind these processes. 


CONCLUDING REMARKS 


The spermatozoon has the fundamental function of generating a new individual. 
This concrete goal is the basis of life and perpetuation of generations. The unique 
architecture of spermatozoa ultrastructure and chromatin is well-organized and 
plays a direct role in their functions. There is a preponderant role of all sperm 
structures in the establishment of the connection between the spermatozoon and 
the oocyte, at fertilization. The tail motile pattern is crucial for the spermatozoon 
to travel from the site of its storage in the epididymis, until it reaches the oocyte at 
the female reproductive tract. The nucleus carries the most important part of 
spermatozoa, the sperm DNA that will be combined with the genetic material of 
the oocyte during fertilization. The success of this peculiar process requires not 
only the physical integrity of spermatozoa, but also the integrity of the paternal 
genome. Mammalian sperm chromatin has an intricate organization that 
presumably increases DNA protection, however there are several internal and 
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external factors that can lead to genetic and epigenetic damages. Several tests, 
mainly SCSA, have demonstrated a high potential in evaluating sperm DNA 
fragmentation and its association with fertility outcomes. However, more studies 
should be made to reach clear and clinically useful data for inferring male fertility 
potential for a semen sample. The combination of several tests is certainly a 
measure to be considered in the future. Moreover, the findings concerning sperm 
epigenome challenge the widely-assumed notion that the paternal genome does 
not provide any epigenetic contribution to the offspring. Despite the advances in 
the identification of several epigenetic markers, this topic should be further 
investigated since it constitutes an excellent approach to control the pregnancy 
outcomes. 
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Abstract: Sperm released in the lumen of seminiferous tubules are functionally 
immature. These cells acquire maturation during their passage through the epididymis. 
The epididymis exhibits an extraordinary structure showing different segments with 
distinct luminal composition, which act as a whole for the gradual differentiation of 
sperm. This organ is permanently targeted by neuronal and hormonal factors, in 
particular by androgens. The study of the biochemical mechanisms that mediate sperm 
maturation has been a matter of intense debate. The current advances on the knowledge 
of sperm physiology was possible due to studies conducted in laboratory and domestic 
species, whereas in humans these processes remain to be fully explored. This is a 
subject with high relevance in the field of reproductive biology since defects in these 
events may end-up in infertility. Maturation of sperm begins in the epididymis, but 
does not end in this organ, since after ejaculation sperms are still unable to fertilize the 
oocyte. After being deposited in the reproductive female tract, sperm undergo a number 
of structural and biochemical changes to become “capacitated”. Non-capacitated sperm 
cannot interact with eggs Jn vivo as their failure to hyperactivate motility precludes 
ascent to the site of fertilization. Sperm and egg must interact so that gamete fusion and 
the introduction of paternal information into the egg occurs, and the program of 
development must be activated. Male gametes are the “vehicle” by which the genetic 
information is passed from fathers to the offspring. In this context, there is increasing 
evidence that parental lifestyle and the environment influence phenotypes of the next 
generation. Sperm epigenome has huge implications for the success of male fertility, 
fertilization, pregnancy and in the transmission of undesirable information to the next 
generations. In this chapter we will discuss these topics from a biochemical point of 
view by exploring the mechanisms that govern the most relevant processes. 
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INTRODUCTION 


During spermiation, sperm are released in the lumen of the seminiferous tubules 
morphologically mature, however the proteome of spermatozoa with testicular 
source does not allow for itself that the spermatozoa is functionally competent. In 
the later stages of spermatogenesis, sperm are devoid of transcriptional, as well as 
translational activity. To become mature, sperm require two post-testicular 
maturation steps; the first occurs in the epididymis and is known as epididymal 
maturation. During their passage through the epididymis, sperm are exposed to a 
unique environment, since these cells remain “isolated” due to the blood- 
epididymal barrier. In the epididymal lumen, sperms are bathed in fluid produced 
by the cells of the epididymal epithelium, which results from an extraordinary 
absorptive and secretory activity. At this site there is a constant exchange of 
proteins between protein epididymal epithelium and sperm where the 
epididymosomes were reported as main “actors” in this process. At the same time, 
sperms suffer several modifications known as post-translational modifications 
(PTMs), namely phosphorylation and glycosylation. Acquisition of motility is one 
of the significant changes mediated by protein phosphorylation, which begins in 
the epididymal environment. Sperm motility is regulated by the phosphorylation 
profile in the several parts of the flagellum and axoneme. This process is 
coordinated by protein kinases and phosphatases. 


The second step of sperm maturation occurs within the female tract after 
ejaculation in an event known as capacitation. Capacitation is essential for 
fertilization since sperms are prepared to undergo an exocytosis process known as 
acrosome reaction, as well as changes in the sperm motility known as 
hyperactivated movement. At the molecular level, capacitation is associated with 
molecular changes such as loss of cholesterol from sperm plasma membrane, 
changes in intracellular ion concentrations, namely HCO, and Ca”, 
hyperpolarization of sperm plasma membrane, increased activity of protein kinase 
A (PKA), and protein tyrosine (Tyr) phosphorylation. All these points will be 
discussed in detail below. These events have been independently studied and the 
information regarding how they interconnect to regulate sperm motility and to 
prepare sperm to undergo the acrosome reaction is still poorly explained. 
Mammalian fertilization comprises sperm migration through the reproductive 
female tract, where it undergoes biochemical and morphological alterations and 
sperm-egg interactions in the oviduct as well. Fertilization occurs through a series 
of coordinated steps, which ends with the fusion of the two gametes to produce a 
genetically distinct individual. In this regard, there is an increasing awareness that 
the molecular changes that occur in the genome, called epigenetic alterations, not 
only influence the success of male fertility but also fertilization and even 
pregnancy. Furthermore, the most recent evidence demonstrated that the genetic 
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information transmitted through male gametes has enormous implications in the 
subsequent generations, particularly due to the transmission of undesired 
information that predispose the offspring to metabolic diseases. In this chapter we 
will discuss, from the biochemical point of view, all steps that sperm experiment 
from the moment that enters in the epididymal duct till fusion with oocyte. 


SPERM EJACULATION 


After being released in the lumen of seminiferous tubules, sperms proceed 
through the rete testis, efferent ducts and begin their journey towards the 
epididymis which acts as a site for sperm storage until ejaculation. Ejaculation 
involves a series of events triggered by central nervous system activation of the 
sympathetic nervous system that creates an emission containing the semen and the 
secretions from seminal vesicles, prostate, and bulbourethral glands [1, 2]. This 
process can be divided into two distinct phases: emission and expulsion. The 
emission phase involves the distal epididymis, vas deferens, seminal vesicles, 
prostate gland, prostatic urethra, and the bladder neck. The initial step in emission 
starts with closure of the bladder neck due to sympathetic innervation of the base 
of the bladder. After bladder neck closure, secretion of fluid from the prostate 
(10% of total ejaculate volume) provides zinc ions, citric acid and prostate 
specific antigen (PSA), which facilitates the liquefaction of semen after 
ejaculation. Subsequently, seminal vesicles contribute to most of the volume 
(75-80% of total volume) of the ejaculate presenting a rich concentration in 
HCO, (alkalinization), prostaglandins, fructose, ascorbic acid, and seminogelin I 
and II. A minor contribution also includes excretion of fluid from bulbourethral 
glands. The expulsion phase follows the emission and consists of discharge of the 
semen from the urethra through the coordinated actions of the bladder neck, 
urethra, and pelvic striated muscles in a process mediated by somatic nervous 
system [2]. 


Beyond the neural control, ejaculation is also target of neurocrine regulation. 
Indeed, androgens can affect the ejaculation process, thus affecting sexual 
behavior in men because acts both on central and peripheral nervous system, 
where many areas of which are connected to ejaculatory reflex [3]. Evidences 
from animal models demonstrated that testosterone (T) regulates the central 
serotonin pathway. Treatment with T decreased the serotonin release and its 
metabolite, 5-hydroxyindoleacetic acid by the hypothalamus, thus suggesting that 
high levels of T may induce premature ejaculation, which is associated with 
impaired serotonin pathway [4]. At peripheral level T regulates the activity of 
nitric oxide (NO), as well the expression and activity of phosphodiesterase-5 
(PDE-5), an important system involved in the penile erection and in the 
contractility of genital male tract during emission phase [5]. The initial part of the 
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ejaculatory reflex is also targeted by estrogens, in particular by 17B-estradiol [6]. 
The use of animal models of estrogen deprivation (inducing hypogonadotropic 
hypogonadism and blocking aromatase activity) has showed that 17B-estradiol 
regulates the epididymal contractile activity. These works also show that 
endogenous estrogens are key players in the epididymal responsiveness to the 
contractile agents; oxytocin and endothelin-1 [7, 8]. In addition to this, the 
epididymal hyporesponsiveness in hypogonadal animals has been normalized by 
administration with estradiol valerate or with tamoxifen—a selective estrogen 
receptor modulator but not with testosterone enanthate, illustrating a direct role of 
estrogens. These data suggest that ejaculation is under hormonal control of sex 
steroids, nevertheless there are other key players in this process. Animal studies 
have highlighted the vital role of neurotransmitters in the control of ejaculation, 
such as dopamine, serotonin or NO. Dopamine plays an excitatory role in 
ejaculation. This has been supported by the injection of the dopamine agonist 
apomorphine into the medial preoptic area that increases the frequency of 
ejaculation [9, 10], while injection of dopamine antagonists decrease the 
occurrence of ejaculation [11]. Contrastingly, serotonin generally exerts an 
inhibitory effect in the neuromodulation of ejaculation, though this may vary 
according to the receptor subtype [12]. Until now there are 15 known serotonin 
receptors, also termed as 5-hydroxytryptamine (5-HT) receptors. Due to their 
heterogeneity, 5-HT receptors have been grouped into seven major families (5- 
HT1-7) based on their function and location. All members of 5-HT1-—7 family are 
G-protein-coupled receptors, with the exception of 5-HT3. All receptors are post- 
synaptically located, except for 5-HT1A, 5-HT1B, and 5-HT1D receptors, which 
are presynaptic and involved in negative feedback [13]. 


It is well-known the role of NO in erection and recent evidence have also 
enlightened its role in the ejaculatory process, mainly due to ejaculatory disorders 
such as premature ejaculation. This dysfunction occurs in nearly 30% of adult 
men being one of the most common forms of male sexual disorders. It can be 
caused by erectile dysfunction, anxiety and nerve hypersensitivity, but is quite 
treatable via PDE-5 inhibitors (PDES-I) [14, 15]. PDE5-I is used to block the 
degradative action of cyclic guanosine monophosphate (CGMP)-specific PDE5-I 
on cGMP in the smooth muscle cells lining the blood vessels that supply corpus 
cavernosum in the penis [15]. Peripherally, nitronergic innervation and NO 
synthase/cGMP and cyclic adenosine monophosphate (cAMP) signaling pathways 
have been identified in the smooth muscle of the vas deferens, seminal vesicles, 
prostate, and urethra [16 - 18]. Drugs such as PDES-I or NO donors that increase 
intracellular cGMP or cAMP diminish seminal vesicle contraction and inhibit 
seminal emission [19]. 
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FACTORS THAT REGULATE SPERM CAPACITATION 


After ejaculation sperm have not yet completed the maturation and are still not 
capable to fertilize. The first evidence are dated from 1951 when Chang [20] and 
Austin [21, 22] observed that freshly ejaculated mammalian sperm were unable to 
fertilize eggs in vivo until they had resided for a period of time within the female 
reproductive tract. Sperm that have completed this process acquire “capacitation” 
[22]. Capacitation was initially observed due to its protracted time course, which 
in certain species (humans included) may take several hours. In contrast, sperm of 
many invertebrates, and some non-mammalian vertebrates, fertilize eggs quickly 
following release from the male reproductive tract. This is often interpreted as 
capacitation being a uniquely mammalian phenomenon and, at least in regard to 
these events, there are fundamental differences in the control of fertilization 
between mammalian and non-mammalian organisms. Capacitation encompasses a 
series of changes in the cellular physiology and biochemistry of sperm. Such 
alterations take place in surface membrane, through alteration of peripheral 
membrane protein composition, antigen localization and surface charge; plasma 
membrane properties, such as membrane potential, lipid composition and 
transmembrane phospholipids asymmetry, and the lateral diffusion of lipids and 
proteins; metabolism; apparent intracellular pH as well as in the cytosolic 
activities of calcium and other ions; altered cyclic nucleotide metabolism; and 
changes in protein phosphorylation (Fig. 10.1). All these alterations take place 
from the head to flagellum. Capacitation occurs within the female reproductive 
tract and is completed in the oviduct [23] being influenced by female reproductive 
tract factors, which apparently provide signals that regulate the process even if 
those signals are not unique to this region. 


Several factors have been proposed to be involved in sperm capacitation and 
different experimental approaches have been used in order to assess the effects of 
the oviductal secretions on sperm capacitation. However, the molecular 
mechanisms by which oviductal secretory products induce the capacitation of 
spermatozoa need to be clarified. It has been reported that sperm incubated in the 
presence of oviductal fluid or co-cultured with oviduct epithelial cells showed a 
pattern of hyperactivated motility which was related to the capacitation state [24]. 
Furthermore, the adequate levels of HCO, and Ca” in the oviduct are essential for 
sperm capacitation [25, 26]. The presence of hyaluronan and sulfated 
glycosaminoglycans, such as heparin, in the fluid of oviduct seems to play a role 
in the sperm capacitation [27 - 29]. On other hand, albumin and high density 
lipoproteins, found in the oviductal fluid seem to participate in the cholesterol 
efflux from sperm membrane, one of the key steps of sperm capacitation [26, 30]. 
The epithelial cells of the oviduct secretes proteins whose functions have not been 
clarified, but recent evidences support their role in the regulation in sperm 
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capacitation. The oviductin, an oviduct-specific glycoprotein with 70-130 kDa, 
has been found in the oviduct of several mammals and it has been indicated that 
this protein binds to the anterior acrosomal region of the sperm and enhances 
sperm capacitation [31, 32], though the molecular mechanism has not been 


elucidated. 
amo 


UNCAPACITATED SPERM 


CAPACITATED SPERM 


Fig. (10.1). Schematic representation of the proposed process for sperm capacitation. The initial step is the 
loss of decapacitation factors, which promotes the cholesterol efflux. The loss of cholesterol is associated 
with decreased cholesterol:phospholipid ratio altering the protein-lipid reorganization and contributes to the 
lipid reorganization and fluidization of the sperm membrane. The membrane fluidization induced by loss of 
cholesterol will activate signal transduction pathways, leading to the Tyr phosphorylation of sperm proteins. 


The starting point of capacitation reaction is in sperm membrane. The functional 
changes that this event comprises are: (i) the ability of sperm to bind the oocyte’s 
extracellular matrix, the zona pellucida (ZP) [33] and subsequently acrosome 
reaction [34]; (ii) hyperactivation, the whiplash flagellar motion required to 
penetrate the egg [35], and (iii) the capacity to fuse with the oocyte [36]. 
Capacitation is under control of both extrinsic and intrinsic factors being the 
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major extrinsic signals mediating capacitation sterol acceptors (traditionally 
albumin) and ion fluxes, namely HCO, and Ca”. Together, these signaling 
molecules activate PKA and protein Tyr kinase (PTK) pathways that regulate 
capacitation [37]. 


Decapacitation factors are also vital since they protect and stabilize sperm surface 
membrane in such a way that they do not suffer premature capacitation, otherwise 
their will not be able to fertilize the oocyte. In fact, the first event that initiates the 
capacitation reaction is the loss of decapacitation factors. Among the best 
characterized decapacitation factors are the bovine seminal plasma proteins 
(BSPs; now known as the Binder of Sperm family), which bind to sperm choline 
phospholipids, then are stripped from sperm by heparin or components in the 
genital tract, taking certain membrane lipids (cholesterol and phospholipids) along 
with them [38]. Other decapacitation factors include cholesterol [39], protease 
inhibitors (including the Serine (Ser) protease inhibitor Kasal-type-like protein 
(SPINKL)) [40] and Ser protein inhibitor [41], platelet-activating factor 
acetylhydrolase [42], phosphatidylethanolamine binding protein 1 [43], NYD- 
SP27 (an isoform of phospholipase C Zeta 1 localized to the sperm acrosome) 
[44], HongrES1 (a cauda epididymis-specific protein involved in the capacitation 
of spermatozoa) [45] and mouse seminal plasma protein (SVS2), which interacts 
with the monosialotetrahexosylganglioside, also known ganglioside GM1 [46]. A 
putative mechanism by which sperm undergo capacitation in the oviduct could 
involve binding of heparin-like molecules present in the oviductal fluid to seminal 
plasma protein PDC-109, thereby displacing it from the epithelium and releasing 
the sperm from the reservoir. The PDC-109 is subsequently removed along with 
membrane cholesterol, triggering the signaling cascade that leads to capacitation. 


The complex cascade of molecular events that occur during capacitation may be 
divided into events that initiate capacitation and events that are a consequence of 
this process. Molecular events implicated in the initiation of capacitation include 
lipid rearrangements in sperm plasma membrane, ion fluxes that result in 
alteration of sperm membrane potential, and increased Tyr phosphorylation of 
proteins involved in induction of hyperactivation and the acrosome reaction. 


Cholesterol Efflux 


It is thought that large amounts of cholesterol, incorporated into the sperm during 
epididymal transit, stabilize the plasma membrane as they pass throughout the 
female tract [47]. This hypothesis is supported by observations that non-albumin 
cholesterol acceptors can replace albumin, such as high density lipoproteins [38, 
48] and beta-cyclodextrins [49, 50]. It has been proposed that the cholesterol: 
phosphatidylserine exposure facilitate cell-cell a phospholipid ratio is a major 
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determinant of capacitation, and removal of cholesterol decreases this ratio to 
destabilize the sperm head plasma membrane, thus increasing its potential for 
fusion with the outer acrosomal membrane [39]. Cholesterol removal alters the 
protein-lipid organization of the sperm head plasma membrane [51] and increases 
its fluidity [52]. Sperm membranes exhibit a high heterogeneity and amongst the 
several components and/or compartments of the lipid bilayer are lipid rafts. Lipid 
rafts are dynamic microdomains of the membrane bilayer, enriched in cholesterol, 
glycosphingolipids, glycosyl-phosphatidylinositol and GPI-anchored proteins. 
These lipid microdomains are involved in membrane signaling and trafficking 
platforms [53]. It has been suggested that during capacitation, lipid rafts with 
enhanced ZP-binding potential cluster to reposition sperm membrane proteins that 
are involved in gamete recognition, or form signaling complexes leading to 
downstream reactions during capacitation or acrosomal exocytosis [54]. The loss 
of cholesterol is associated with decreased cholesterol: phospholipid ratio and a 
lipid reorganization that contributes to the fluidization of the sperm membrane. 
The ATP-binding cassette membrane transporter G2 (ABCG2) is one of the sperm 
proteins that have shown to be phosphorylated in Tyr residues. ABCG2 is present 
in the plasma membrane overlying the sperm acrosome and is proposed to play a 
role in the translocation of cholesterol across the plasma membrane in epididymal 
spermatozoa [55]. The Tyr phosphorylation of ABCG2 has been shown to be 
necessary for its function within epididymal spermatozoa, while dephosphory- 
lation is believed to result in its inactivation. 


The membrane fluidization induced by loss of cholesterol is known to activate 
signal transduction pathways, leading to the Tyr phosphorylation of sperm 
proteins [48, 56]. Some of these modifications affect other events such as the ion 
flux, pump and enzymes activities. 


Ion Flux and Sperm Capacitation: The Role of HCO, Transport 


The microenvironment within female reproductive tract is rich in HCO, [57], 
which influences sperm capacitation, while the sperm reservoir secretions are 
suggested to have low concentration of bicarbonate [57]. HCO; is particularly 
responsible for inducing capacitation as it rapidly increases the fluidity of sperm 
membranes [58]. HCO, is able to induce several compositional changes in 
phospholipid distribution across sperm membrane [59]. Specifically, HCO, 
activated the outward translocation of sphingomyelin, phosphatidylcholine, 
phosphatidylserine, and phosphatidylethanolamine, possibly by activating a 
“scramblase” activity. In addition, it was noted phospholipase activation and 
membrane fluidization due to bicarbonate. The effect of HCO,-induced 
scramblase activity was reported to vary among different regions of sperm 
according to the specific lipid population, thus reducing phospholipid asymmetry 


Biochemistry of the Sperm Events Andrology: Current and Future Developments, Vol. 1 265 


over the head, but not in the flagellum [59]. Such observations are relevant to 
capacitation since both, decreased phospholipid asymmetry and phosphatidy- 
Iserine exposure facilitate cell-cell adhesion, which would enhance sperm-oocyte 
interaction [60, 61]. These changes are induced by HCO,,, via cAMP-dependent 
protein kinase, as cyclic nucleotide PDE-I and phosphatase inhibitors (which 
prolong PKA-mediated protein phosphorylation) all mimicked the effect of HCO, 
[62]. It is now accepted that a major regulatory role of HCO, on capacitation is 
mediated by a non-transmembrane soluble adenylyl cyclase (SAC), which is 
distinct from classical G protein-regulated, transmembrane adenylyl cyclases. The 
relevance of sAC has been demonstrated by sAC knockout animals that exhibit 
normal testicular morphology, epididymis, and sperm, but are infertile due to 
sperm motility defects [63]. 


Calcium Influx Modulates Sperm Capacitation 


Capacitation is also Ca dependent and the initiation and/or regulation of 
capacitation by Ca” occurs via different targets, some of them being involved 
with cAMP metabolism. For instance, Ca™ activate both the synthesis of cAMP 
by sAC [64], as well as degradation by cAMP cyclic nucleotide phospho- 
diesterase [65] showing the ambiguity of its effects in sperm capacitation. 
Increased intraflagellar Ca™ occurs during capacitation [66], which is more 
involved in hyperactivated motility than in capacitation per se. Potential 
transporters involved in Ca” influx during capacitation include voltage-gated 
channels, cation channels of spermatozoa generally termed as CatSper, Na‘*/Ca™* 
pumps, Ca’**ATPases, stromal interaction molecule 1 which function as Ca” 
sensor and the calcium release-activated calcium channel protein 1. On the other 
hand, the influx of Ca” can also be induced by mobilization of [Ca*’], through the 
receptors inositol-1,4,5-trisphosphate, riadone and Ca™ ATPases. 


Phosphorylation Events during Capacitation 


During capacitation there is an increase in the sperm protein phosphorylation 
events. Phosphorylation occurring at Ser/Threonine (Thr) or Tyr (by protein 
kinases) and/or dephosphorylation (by phosphoprotein phosphatases) are pivotal 
in many cellular processes, including the transduction of extracellular signals, 
intracellular transport, and cell cycle progression. Sperm essentially do not 
synthesize proteins, so the dynamic nature of sperm proteome will depend in part 
on the acquisition of new proteins by PTMs of already manufactured proteins. 
Indeed, PTMs on existing proteins are essential in the regulation of sperm 
function, especially during maturation and acquisition of fertilizing potential. Any 
failure in the control of these complex molecular processes could be detrimental 
or fatal to a cell because large amounts of defective PTMs and their substrates can 
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lead to male infertility. Studies have showed the potential involvement of altered 
protein phosphorylation in the asthenozoospermia and reported a direct link 
between the former and aberrant sperm motility. A deficiency in Tyr 
phosphorylation of tail proteins, especially those related to hyperactivated 
motility, was also reported to be associated to asthenozoospermia [67]. 
Hypophosphorylation of proteins during capacitation in these groups was thought 
to be caused by decreased membrane fluidity [68]. 


The capacitation-associated increase in protein Tyr phosphorylation is 
downstream of cAMP/PKA pathway in mouse sperm [69] and other species [70, 
71]. Although the relevance of this PTM for capacitation has not been fully 
established, the appearance of a cohort of Tyr phosphorylated proteins is accepted 
as essential for acrosomal sensitivity and fertilization in vitro [37, 69] and is thus 
considered as an endpoint for capacitation. However, this is a matter of some 
controversy, since others have proposed that Tyr phosphoprotein appearance may 
not be always an endpoint for capacitation. Studies where capacitation was 
induced identified many Tyr phosphorylated sperm proteins in the flagellum, 
highlighting their possible role to initiate and sustain hyperactivation [72 - 74]. In 
fact, accomplishment of functional competence during capacitation is marked by 
high levels of Tyr phosphorylation in pre-existing sperm proteins [75], which 
makes Tyr phosphorylation a hallmark of capacitation. Other important proteins 
undergoing Tyr phosphorylation during capacitation in human sperm are proteins 
members of the A-kinase anchor proteins family (AKAPs). The most prominent 
Tyr phosphorylated proteins appearing in capacitated human sperm are AKAP4 
and proAKAP82, which are localized in the cytoskeletal fibrous sheath of the 
principal piece [76]. These results advocate an interaction between PKA and PTK 
pathways, while suggesting that protein Tyr phosphorylation may be part of the 
signaling pathway probably involved in hyperactivation. Similarly Ca*’-binding 
Tyr phosphorylation regulated-protein (CABYR) undergoes Tyr phosphorylation 
during capacitation and is localized to the principal piece of the human sperm 
flagellum in association with the fibrous sheath [77]. The profile of 
phosphorylated proteins of human sperm revealed that at least 18 proteins are Tyr 
phosphorylated during capacitation [73]. Valosin-containing protein (VCP), a 
homologue of the soluble N-ethylmaleimide-sensitive factor activating protein 
receptor (SNARE)- interacting N-ethylmaleimide sensitive factor (NSF), is 
phosphorylated in Tyr residues after capacitation being relocalized from the 
connecting piece to the anterior head [73]. SNARE proteins regulate membrane 
fusion and exocytosis, so Tyr phosphorylation of VCP could either directly 
mediate acrosomal responsiveness, or act as a chaperone to carry membrane 
fusion proteins to the site of plasma-acrosomal membrane fusion [73]. Indeed, Tyr 
phosphorylated NSF is maintained in an inactive state and protein Tyr 
phosphatase action reduces the phosphotyrosine content of NSF to promote 
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membrane fusion [78]. On the other hand, the phosphorylation of Tyr residues is 
triggered by interleukin 6 secreted by cells of endometrium being mediated by 
Janus kinase 1 (JAK1) signaling pathway [79]. Indeed, extracellular signal- 
regulated kinase (ERK) modulation of MAPK pathway appears to play a role in 
generating Tyr phosphorylated sperm proteins during capacitation. ERK signaling 
seems to be particularly directed to modifications in sperm head. ERK is active in 
human sperm during capacitation [80] and modulation of ERK cascade with 
specific inhibitors indicates that it plays a role upstream of protein Tyr 
phosphorylation [81]. Family members of ERK, in particular ERK1 and ERK2 
participate in ERK1/2 phosphorylation and activation which is concomitant with 
enhanced phosphorylation during capacitation. Moreover, ERK1/2 activation is 
evident by enhanced phosphorylation during capacitation, and ERK 1/2 inhibitors 
block both protein Tyr phosphorylation and the ability of sperm to acrosome- 
react. It has been demonstrated that other pathways participate in Tyr 
phosphorylation-related capacitation (such as BSA, cAMP analogues, and 
reactive oxygen species) and stimulates the phosphorylation (and presumably the 
activation) of three MEK-like proteins [82]. MEK is a dual-specificity kinase that 
phosphorylates Tyr and Thr residues on ERK 1/2 mediated mechanisms required 
for activation. Interestingly, inhibition of both the PKA pathway and non-receptor 
PTK completely blocked the MEK-like phosphorylation, although protein kinase 
C and receptor PTK inhibition only prevented the phosphorylation of one of the 
MEK-like proteins [82]. 


Serine/Threonine Phosphorylation 


The phosphorylation of Ser and Thr during human sperm capacitation is mediated 
by PKA and PKC [83]. At least 8 proteins with distinct molecular weights, 
namely 18 kDa, 35 kDa, 43-55 kDa, 94-62 kDa, 110 kDa, and 190 kDa, have 
been detected as a target for phosphorylation. One of these proteins in the 43-55 
kDa region is the FA-1 antigen, which has been shown to be phosphorylated in 
Tyr residues during capacitation, but also at Ser and Thr residues. PKA appears to 
regulate the activity of the proteasome that is involved in the modulation of 
phosphorylation during capacitation. In human sperm, proteasomes have been 
located (but not exclusively) in plasma membrane overlying the sperm acrosome, 
allowing for degradation of proteins prior to or during sperm capacitation [84]. 
Proteasomes have also been detected in sperm tail-connecting piece and also in 
the midpiece. Their relevance in the regulation of phosphorylation of those 
residues [85] has been demonstrated and proteasomes seem to be active during the 
capacitation process since their inhibition results in incomplete capacitation. Also, 
proteasomal activity may contribute to the release of capacitated spermatozoa 
from the oviductal sperm reservoir in vivo. 
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SPERM PROTEINS AND BIOCHEMICAL EVENTS IN SPERM-EGG 
INTERACTIONS 


Oocyte is surrounded by ZP which is composed by glycosaminoglycans and the 
four glycoproteins ZP1, ZP2, ZP3 and ZP4. All proteins of ZP are synthesized by 
oocytes and post-translationally modified by glycosylation at Ser/Thr (O-linked) 
and at asparagine (N-linked) residues. Closest to ZP, a layer composed by 
follicular cells constitutes the zona radiata and is followed by another layer of 
follicular cells separated by an extracellular matrix, the . Altogether these form a 
complex called the oocyte cumulus complex. After ovulation, follicular cells 
secrete chemotactic agents to promote the motility of sperm towards the oocyte in 
the oviduct. Sperm orient motility in gradients of factors in a conditioned medium 
by the female reproductive tract. At least one of the active factors in follicular and 
oviduct fluids appears to be progesterone [86, 87], but floral odorants and 
bourgeonal-like molecules are also present [87, 88]. 


At the oviduct, sperm will interact with oocyte, primarily reaching the outer 
surface of the ZP, with the primary connection to the ZP occurring through the 
glycosylated ZP3 region (primary receptor for acrosome-intact sperm), which has 
species-specific glycosylated residues that recognize and bind to a species- 
specific receptor, fixing sperm to ZP. Then ZP3 and ZP4 bind to specific 
receptors present in sperm membrane and induce acrosome reaction (Fig. 10.2). 
The sperm of many animal species, including all mammals, contain a single large 
secretory vesicle, or acrosome, in the apical region of the anterior head overlying 
the nucleus. It consists of an acidic vesicle, containing a variety of proteins such 
as hyaluronidase, sp56 other proteolytic proteins, bioactive peptides and other 
proteins with unknown functions. 


Only acrosome-intact sperm bind to the ZP tenaciously and undergo the acrosome 
reaction [89 - 91], illustrating that ZP actively induces acrosome reaction, leading 
to the release of all contents of the acrosomal vesicle. Thereafter, a new cell 
surface domain in the apical region of the sperm is formed. This process is 
imperative and must be completed, otherwise sperm will be unable to penetrate 
the ZP. Evidence indicated that mannose glycan and N-acetylglucosamine 
residues are involved in the induction of sperm acrosome reaction [92 - 94]. 
Furthermore, it was reported that PKA, PKC and G proteins mediate the 
activation of signaling pathways of the acrosomal exocytosis. The suggested order 
of signal transduction is (1) Gi protein activation of PKA pathway by regulation 
of adenylyl cyclase and elevation of cAMP, which, in turn, (2) activates 
phospholipase C; resulting in (3) hydrolysis of phosphatidylinositol bisphosphate 
and (4) activation of the PKC pathway (by diacylglycerol and inositol 
triphosphate) and a separate pathway involving Tyr kinase [95]. Molecules like 
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adhesin and sperm protein sp56 intervene to stabilize the adhesion of spermatozoa 
to ZP. The posterior third of the vesicular acrosomic contains pro-acrosin enzyme, 
which is converted in its proteolytic form acrosin by ZP2. Acrosin acts as a 
secondary receptor for acrosome-reacted sperm. Together with the hyaluronidase, 
these proteins digest ZP allowing the penetration of sperm to the perivitelline 
space and the surface of the oocyte. When sperm contacts the cytoplasmic 
membrane of the oocyte, it is positioned horizontally and immobilize (Fig. 10.3). 
The fusion of the two gametes is a critical component of sexual reproduction in 
which two terminally differentiated cells carrying the genomes of two different 
individuals originate the zygote that will produce a new genetically distinct 
individual. After being fertilized, the eggs themselves mount blocks to 
polyspermy to prevent fertilization by other sperm. Blocks to polyspermy occur 
primarily at the egg plasma membrane and at the egg coat or ZP. The egg coat 
block involves the exocytosis of cortical granules (CGs) from the cortex of the 
egg and causes the conversion of the ZP to a form that cannot support sperm 
binding [96]. It should also be noted that the mammalian membrane block is 
established in approximately the same time frame as the ZP block. Jn vivo studies 
have used fertilized eggs to provide evidence of how mammalian eggs prevent 
polyspermy. After fertilization, sperm release Ca” into the egg cytoplasm which 
triggers transient increases, or oscillations, in intracellular Ca” levels in the 
fertilized egg [97]. Fluctuations in the Ca” levels give rise to a set of events 
known collectively as egg activation, which includes CG exocytosis, giving rise to 
the ZP block to polyspermy. 


Contents of the 


A acrosomal vesicle 


Acrosomal vesicle 


Sperm 
nucleus 


Fig. (10.2). Schematic representation of acrosome reaction. (A) During early stages of the acrosome reaction 
the plasma and acrosomal membranes fuse at several points allowing the release of contents (B). After 
releasing all acrosomal vesicle contents, a new cell surface domain in the apical membrane of the head of 
spermatozoa is formed (C). Acrosomal reaction must be completed so spermatozoa can penetrate the zona 
pellucida and fuse with the oocyte. 


270 Andrology: Current and Future Developments, Vol. 1 Luis Rato 


Q 
e § Follicular cells 


Acrosomal 


Oocyte cytoplasm 


Fig. (10.3). Schematic representation of spermatozoa-egg interactions. The egg is surrounded by extracellular 
layers: cumulus layer and zona pellucida. The spermatozoa penetrates through these two layers to gain access 
to perivitelline space. This penetration of the spermatozoa is accomplished by a surface-bound hyaluronidase 
and by the release of acrosomal enzymes by spermatozoa. The binding of spermatozoa is mediated by several 
adhesion molecules on both, spermatozoa and egg. 


Eggs can be “artificially” fertilized by injecting a spermatozoa into the egg 
cytoplasm, a process called intracytoplasmic sperm injection (ICSI). However, it 
has been observed that ICSI-fertilized mouse eggs are unable to prevent 
polyspermy, since incorporated as many sperm as do unfertilized eggs. The Ca” 
signaling may be linked with this, because the Ca” fluctuations generated by ICSI 
differ from those generated by natural fertilization [98, 99]. 


Before considering some of the proteins that mediate the interactions between 
sperm and oocyte, there are some concepts that must be understood to avoid 
possible misleading. Until now, we have used the term sperm-egg interactions, 
which comprises a series of sequential complex events. Sperm-egg interactions 
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consist in the interaction of the sperm membrane with the egg membrane and 
include sperm-egg adhesion and membrane fusion. These processes are distinct, 
since sperm-egg fusion refers to the membrane fusion event resulting in 
cytoplasmic continuity between the two gametes. Sperm-egg binding (or sperm- 
egg adhesion) refers to the cell-cell interaction that precedes membrane fusion and 
that is defined experimentally a status that maintained after a specific series of 
washes. 


Gamete plasma membrane interactions occur following sperm penetration of the 
cumulus layer and the ZP, so that sperm gain access to the perivitelline space 
between the egg plasma membrane and the ZP. Mammalian sperm-egg membrane 
interactions occur in a spatially restricted manner. Several proteins are involved in 
this process and glycolytic enzymes seem to have particular relevance, though 
their role in these events remains to be clarified. According to what has been 
recently observed, it is possible that glycolytic enzymes act as potential sites of 
recognition and/or binding for ZP glycoproteins located in sperm head. It has been 
showed that aldolase A (ALDOA) directly interacts with ZP glycoprotein (ZP4). 
Sperm receptors for ZP act as lectin-like proteins that recognize sugar chains on 
ZP. It was proposed that glycolytic enzymes which have oligosaccharides as 
substrates in the flagellum, bind to the sugar moieties substrates of the ZP 
glycoproteins without exerting their catalytic activity when located on the sperm 
head. Multimolecular complexes involving glycolytic enzymes have already been 
described [100]. In spermatozoa, three testis-specific isozymes, (spermatogenic 
cell-specific type 1 hexokinase, muscle-type phosphofructokinase and glutathione 
S-transferase mu 5 (GSTMS5)) form a molecular complex associated with the 
mouse fibrous sheath [101]. The mu class of glutathione S-transferases (GSTM) 
has been identified as a ligand for human ZP4 and ZP3, confirming a receptor 
activity of this GSTM [102]. GSTM was found at the surface of the human sperm 
head in a region overlying the acrosome of intact sperm and was not maintained 
after acrosome reaction. Nixon and collaborators [103] proposed the concept of 
multi-recognition molecules, which are assembled in a functional complex located 
in lipid rafts of the sperm membrane. They propose that these molecules would 
interact with the carbohydrate segment of ZP glycoproteins. Thus, it is possible 
that GSTM-ZP4/ZP3 interaction occurs in the first steps of gamete recognition. 
Those evidence are consistent with the hypothesis that GSTM is a sperm-specific 
molecule for ZP3/ZP4 recognition during initial binding. This sperm-specific role 
of glutathione S-transferases adds the detoxification function of GSTM. By 
eliminating reactive oxygen species via glutathione, it prevents lipid membrane 
peroxidation, an irreversible and highly damaging process to sperm membrane 
integrity. Moreover, it seems that the voltage-dependent anion channel 2 
(VDAC2) is also involved in the interaction with ZP, namely with ZP2 and ZP3 
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glycoproteins, since VDAC2 was found on the acrosomic region, in addition to its 
localization on the flagellum [104, 105]. 


Others have focused their research on the molecular foundations of fertilization 
and have identified proteins involved in sperm-egg interactions, such as ADAM1, 
ADAM2 and izumo spermatozoa-egg fusion protein 1 (IZUMO1) [106]. The 
relevance of IZUMOI1 in fertilization has been demonstrated by using knockout 
animal models. Although these animals exhibit normal mating behavior and 
ejaculation, as well as normal sperm motility and migration into the oviduct, they 
are infertile [107]. The complete sterility of IZUMO1 null animals has been 
attributed to a defect in sperm—egg fusion, although the sperm is able to bind. In 
fact, this is corroborated by in vitro fertilization (IVF) assays with IZUMO1- 
deficient sperm. It was observed that sperm penetrate ZP and then accumulate in 
the perivitelline space, suggesting a defective interaction with the egg plasma 
membrane, since eggs fertilized by intracytoplasmic sperm injection with 
IZUMO1-deficient sperm develop into normal embryos. Other testicular sperm 
surface proteins (such as ADAM3) appear to be strongly associated with sperm 
fertility. The sterility of ADAM3 knockout mice is mainly linked to a lack of 
sperm migration from the uterus to the oviduct. Sperm from these animals present 
poor binding affinity to the ZP and egg plasma membrane under in vitro 
conditions, but are fertile after oviduct artificial insemination or IVF with 
cumulus-intact and ZP-intact eggs. Interestingly, the same phenotype of ADAM3 
knockout animals was also obtained after gene knockout for at least ten different 
sperm genes Ace, Clgn, Adam2, Adamla, Calr3, Tpst2, Pdilt, Pmis2, Prss37, and 
Tex101. The loss of ADAM3 from the mature sperm surface was also observed 
after Rnase10 deletion, which encodes for a protein secreted only in the initial 
segment of the epididymis and without any sperm membrane affinities [108]. 
These evidence indicate that the stability, integrity, and location of ADAM3 at the 
sperm surface are linked to the presence and/or activities of several other proteins. 
In testis, several chaperone proteins (e.g. calmegin, calsperin, and the testis- 
specific protein disulfide isomerase homolog), different ADAM3-associated 
proteins (ADAM1b, ADAM2 and ADAM6), and other proteins (such as 
Tyrosylprotein sulfotransferase 2 and angiotensin-converting enzyme, to further 
detail see review [109]) are essential for the location of ADAM3 on sperm 
surface. Proteomic approaches have also identified other proteins as candidates to 
sperm-egg interactions, such as sperm equatorial segment protein 1 [110, 111], 
transmembrane protein 190 [112], and three sperm acrosome-associated proteins: 
sperm acrosomal membrane-associated 32; sperm lysosomal-like protein 1 and 
sperm acrosomal membrane-associated 14 [113, 114]. The mechanisms involved 
in sperm—egg interactions in mammals (including humans) are still unclear. The 
previous evidences clearly demonstrate that interactions between male and female 
gametes are more complex and not based in a simple ligand-receptor system. The 
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identification of sperm proteins and the exact role of the epididymis in the 
molecular mechanisms involved in gamete interactions is still a challenge. 


EPIGENETIC PATTERNING IN FERTILIZATION 


At fertilization, male and female gametes fuse to originate zygote, the first cell of 
the developing embryo. At this moment the parental genomes exhibit different 
stages of the cell cycle, different epigenetic profiles and chromatin composition 
[115]. The paternal genome is single copy (1C) tightly packaged by protamines, 
whereas the maternal genome (2C) is wrapped around the nucleosomes. The 
genome of the two gametes remains physically separate in the zygote, where they 
undergo different chromatin remodeling, under the influence of maternally 
inherited factors. After fertilization, protamines of paternal genome are replaced 
by maternally inherited histones [116, 117]. After histone incorporation, 
acetylation phenomena become detectable [117], most likely because of newly 
synthesized histones that carry the evolutionary conserved acetylation of lysine 5 
and lysine 12 on histone H4 [118]. Afterwards, methylation of histones also 
occurs, and the onset of mono-, di- and trimethylation exhibits a timing that is 
specific for each progressive modification [119]. In the early stages of zygote, the 
conformational changes occurring in chromatin (hyperacetylation and 
hypomethylation) allow accessibility to the paternal genome. The replacement by 
acetylated histones is also closely followed by genome-wide demethylation, 
which is completed before the beginning of DNA replication in the paternal 
pronucleus [120]. It has been proposed that DNA demethylation proceeds by 
direct removal of the methyl group from the cytosine base [121], or by 
replacement of 5-methylcytosine (SmeC) by cytosine through a base-excision 
mechanism [121]. However, demethylation reactions may also occur through 
indirect mechanisms. These events involve DNA repair, where DNA glycosylases 
(such as thymine DNA glycosylase (TDG) and methyl-binding domain protein 4 
(MBD4)) repair T/G mismatches that may result from initial deamination of 
S5meC [122]. MBD4 is part of the family of nuclear proteins related by the 
presence in each of a methyl-CpG-binding domain. TDG and MBD4, however, 
have been shown to have weak activity on 5meC:G base pairs, leading to base 
excision repair, where cytosine replaces 5meC [123]. The MBD2 has been 
proposed as the enzyme responsible for the removal of methyl group [121]. Still, 
not all sequences in the paternal genome undergo demethylation. In fact, some of 
them seem to be “protected”, such as imprinted genes H19 [124] and Ras Grfl 
[125]. 


Contrarily to what happens with paternal genome, in the maternal genome the 
modifications of histones acquired during oocyte growth (namely methylated 
lysines 9 and 27 of histone H3) [126] are maintained, in both the zygote and 
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subsequent cellular divisions [126]. During the subsequent cleavage divisions, 
passive demethylation may occur, since DNA methyltransferase 1 (Dnmt1) is 
excluded from the nucleus [127]. Indeed, Dnmt1 protein inherited from the oocyte 
(Dnmt1o) is seemingly excluded from the nucleus during the first three cleavage 
divisions [128] thus accounting for the loss of precisely 50% methylation and 
enlightening the role of Dnmtlo in the maintenance of imprinted methylation 
during the fourth cell cycle. 


Altogether these molecular events create an asymmetry between the male and 
female epigenomes (as evidenced by H3K9me3 abundance), up to the 4-cell stage 
[126, 129], whereas other chromatin marks such as H4K20me3 [130], H3K64me3 
[131] and H3K4me3 [132] are equalized by the two-cell stage. This asymmetry is 
also reflected in DNA methylation, which is globally lost in the paternal 
pronucleus of the zygote, whilst maternal genome retains it (Fig. 10.4). A possible 
explanation may rely in the different epigenetic profiles of both gametes. 
However, as the majority of these mechanisms remain poorly understood it is hard 
to infer about its biological significance. It has been hypothesized that 
modifications in the chromatin established in the gametes may be part of a 
transgenerational program that is required for a proper embryonic development 
[133]. Noteworthy, the time of activation of embryonic gene expression parallels 
epigenetic reprogramming, with the male genome being more permissive to 
transcription from the late zygote stage [134], whereas transcription increases in 
both genomes thereafter at the 2-cell and 4-cell stages (reviewed in [135]). Recent 
reports have shown that loss of early zygotic demethylation in the male genome 
has a deleterious effect in development due to impaired activation of several 
genes related with pluripotency [136]. 


In the zygote, Dppa3 (also called Stella) is a protein that is essential for 
development during preimplantation protecting the methylation of maternal 
genome from ten-eleven translocation 3 element (Tet3) oxidation [133]. Dppa3 is 
extremely important and zygotes lacking this protein lose asymmetry of DNA 
methylation, exhibiting a global loss of 5-meC and acquire 5-hydroximet- 
hylcytosine in both paternal and maternal pronuclei (Fig. 10.4) [137]. In both 
cases, embryonic lethality occurs, thus highlighting the importance of Dppa3 and 
the potential importance of epigenetic asymmetry during early preimplantation 
development. 


Maintenance of DNA methylation is thought to be essential for proper 
development by preventing the activation of retrotransposons, maintenance of 
imprints and stability of chromosomes. It has been shown that in mature sperm, 
some imprinted regions are enriched for H3K9me2 (for example, H19 and 
Rasgrfl), relative to other paternal imprints that are independently maintained of 
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Dppa3 (as for example, Dlk1- Gtl2) [138], thus opening a novel perspective that 
the protection of DNA methylation at some imprints may rely on the inheritance 
of histone modifications from the gametes to the next generation. Indeed, the 
retaining of histones at specific locations in sperm genome [128] and the fact that 
can be inherited in the zygote [139] may support the previous hypothesis. 
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Fig. (10.4). Schematic representation of DNA methylation and imprinting maintenance in preimplantation 
embryos. Maternal and paternal genomes have distinct characteristics that impose an epigenetic asymmetry in 
the zygote. The maternal genome (pink pronucleus; pink solid line) undergoes passive DNA demethylation 
throughout several rounds of DNA replication, while paternal genome (purple pronucleus; purple solid line) 
undergoes active demethylation before DNA replication in the zygote. The bulk of 5mC in the paternal 
genome is hydroxylated in the late zygote. Only a few regions were shown to completely revert to 
unmodified cytosine before the first cleavage division. The bulk of paternal ShmC is passively diluted, 
paralleling demethylation of the maternal genome (purple dashed line). Abbreviations: ShmeC: 5- 
hydroxymethylcytosine; 5meC: 5-methylcytosine; ICM: inner cell mass; TE: trophectoderm. 


Recent studies have revealed chromatin features in sperm that may contribute to 
totipotency, developmental decisions and imprinting patterns [140, 141]. It has 
been reported a positive correlation between the extent to which H3K27me3- 
modified nucleosomes are present around the transcriptional start site of genes in 
spermatozoa and gene repression in early embryos. It has been proposed that 
histone methylation in paternal chromatin inheritance as a function of the number 
of modified nucleosomes that are retained across regulatory regions of loci in 
sperm [140]. Furthermore, it has been predicted that, in embryos, sperm-inherited 
modified nucleosomes remain retained in the paternal genome during its 
remodeling by maternally provided histones in the course of pronucleus formation 
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[141]. found histones enriched at imprinted gene clusters, and a notable 
correlation between H3K4me3 and paternally expressed noncoding RNAs and 
genes. 


Another important topic of the epigenetic reprogramming after fertilization is the 
second wave of global remodeling that occurs during the development of germ 
cells in the embryo. Primordial germ cells (PGCs) originate from the epiblast cells 
of the post-implantation embryo, which are cells that have already been primed to 
a somatic fate [142]. The epigenetic reprogram that occurs during this period must 
ensure that germ line—-specific genes are primed and that an epigenetic landscape 
that is compatible with restoring totipotency to the next generation is established. 
This remodeling is a coordinated process with several steps and requires the 
timely expression of key transcriptional factors as well as appropriate epigenetic 
modifiers. The earliest global chromatin change occurs during 7.5—10.5 days of 
embryonic development where PGCs migrate and undergo a reciprocal loss of 
H3K9me2 and increase in H3K27me3 [143]. The switch between these two 
repressive chromatin marks has led to the suggestion that germ cells may need to 
use a more flexible silencing mechanisms at this stage. This idea stems from the 
description that H3K27me3 mediated by polycomb proteins in ESCs allows the 
promoters of many developmental regulator genes to be transcriptionally silent 
[143]. Polycomb group proteins are epigenetic regulators of transcription that 
have key roles in stem-cell identity, differentiation and disease. Mechanistically, 
they function within multiprotein complexes, called polycomb repressive 
complexes (PRCs), which modify histones (and other proteins) and silence target 
genes. Recently it was reported that the timely down-regulation of H3K27me3 
during PGC development is required both for maintaining the expression of 
pluripotency genes, namely (Oct4, Nanog, Sall4 and SSEA1) and for the 
derivation of embryonic germ cells in vitro [136]. Global demethylation of PCGs 
occurs between 11.5 and 12.5 days of mouse development and leads to the erasure 
of methylation in imprinted genes and single copy genes [144] and reactivation of 
X chromosome [145]. Nevertheless, not all epigenetic marks are erased in 
imprinted genes in PGCs. For instance, the paternal H19 and the maternal Snrpn 
alleles are demethylated during PGC development but later during 
spermatogenesis and oogenesis they need to be methylated again. This de novo 
methylation of formerly methylated genes seems to occur at an earlier stage than 
de novo methylation of originally unmethylated genes [146], indicating that other 
epigenetic marks are not completely erased during PGC development and provide 
signals for de novo methylation. 


A recent time-course analysis of both germline and somatic genes has shown a 
gradual loss of DNA methylation from 8.5 days of embryonic development, 
followed by a rapid erasure between 11.5 and 12.5 days [147]. On the basis of 
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these observations, it has been proposed that replication-dependent demethylation 
occurs during early PGC development, whereas an active mechanism operates at a 
later stage. Extensive and rapid DNA demethylation has been detected when 
PGCs enter the gonads (between 11.5 and 12.5 days of embryonic development) 
at which time most of the cells are in G2 phase [147]. It is thought that this second 
phase of reprogramming depends on an active process independent of DNA 
replication. Complete demethylation is achieved after 13.5 days of embryonic 
development in genes or intergenic regions, including imprinted domains and 
repeat elements that were previously protected from erasure in the zygote [148]. 
However, transposable elements belonging to intracisternal A-particle and long- 
terminal-repeat-containing elements of species-specific endogenous retrovirus 1 
family elements and some loci that are located close to these elements or within 
sub-telomeric regions seem to be exceptions in this case [148]. These mechanisms 
are extremely relevant since it is thought that are involved in the prevention and 
transmission of acquired traits to the next generations. While sex-specific 
imprinted DNA methylation needs to be reestablished, epimutations that may be 
accumulated throughout parent’s life require erasure (at least some of them, due to 
its detrimental effects in the next generations). This is one of the “hottest” topics 
that have been debated in the field of developmental biology. Specifically how 
these germ-cell marks may act post-fertilization to enact long-term changes in 
offspring behavior or physiology is a matter of debate. The first lineage allocation 
event in mammalian embryogenesis occurs at the morula stage and results in the 
formation of the inner cell mass (ICM) and trophectoderm (TE) lineages in the 
blastocyst. It is possible that molecular changes in sperm induced by paternal 
environmental experience somehow affect cell fate allocation between ICM and 
TE by altering cell-cycle dynamics for the first cleavage divisions or, 
alternatively, TE cell function, with resulting effects on placental development 
then resulting in metabolic changes in the offspring. Indeed, it has been observed 
that paternal diet and exercise are linked to pre-implantation growth dynamics 
[149], possibly providing a link between paternal diet and the findings of common 
maternal effect phenotypes in the offspring. Such a link would also help explain 
how epigenetic marks in sperm (see Chapter 9), namely cytosine methylation or 
small noncoding RNAs (sncRNAs), which theoretically should be erased, might 
exert long-term effects, despite operating during a limited time window. However, 
it has been reported that some of these sncRNAs may be acquired during 
epididymal transit [150]. Those works strongly suggested that sncRNAs 
trafficking between epithelium and sperm might be exerted in within epididymal 
environment, rather than in seminiferous tubules and that this process is mediated 
by epididymosomes. Studies examining the paternal exposure to environmental 
factors have proposed that epigenetic marks carried by male gametes transmit the 
paternal legacy of metabolic traits [151, 152]. However, these nongenetic 
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mechanisms of transgenerational inheritance need to be fully investigated. 
Recently it has been debated how the interaction between endocrine system and 
the environmental cues has shaped sperm epigenome and how this may help us to 
explain the etiology of inherited endocrine disorders. This is where epigenetics 
meets endocrinology. The primary target of signal transduction is chromatin [153] 
whereby extracellular signals, including those by hormones and/or chemicals that 
mimic hormones, are transduced to genomic events via specific histone 
modifications [154]. The adverse effects of the environmental factors promote 
disturbances in the health state of the next generations through epigenetic 
modifications passed by male gametes (discussed in detail in chapter 13). The 
exposure environmental compounds is huge and although these compounds 
disrupt the endocrine system, it is the long-term response of molecular processes 
such as epigenetics that will promote downstream developmental events and 
adult-onset disease. It will be imperative elucidate the role of epigenetics in 
endocrine disruptor actions and in the etiology of disease, which certainly will 
provide new insights into diagnostics and therapeutics strategies for 
environmental exposures, risk assessment and adult-onset disease. 


CONCLUDING REMARKS 


In this chapter we presented and discussed some biochemical aspects of the 
various events occurring in sperms throughout their journey once they are 
deposited in female reproductive tract, with special emphasis on the mechanisms 
that mediate the fuse with the oocyte to originate a zygote. Sperm are highly 
differentiated cells with a great interest for research. In fact, in the last decade 
several breakthroughs on the structural and functional features of spermatozoa 
have been achieved, mostly due to combination of both modern molecular 
technologies and classical methods of light and electron microscopy. However 
and despite all these advances, some of the alterations which take place at sperm 
surface and/or in sperm cytoplasm still need to be fully clarified. It is expected 
that in next few years the advent of the high-throughput analysis (next generation 
sequencing and proteomics) may shed light on the molecular foundations of 
sperm physiology, functioning and capacitation. In addition, sperm maturation 
remains as one of the most important steps in the journey, since it defines the 
functionality of these cells. Many issues are still to be solved, for instance, the 
molecular basis of the delivery of surface components to specific domains; the 
fully dissection of the signaling pathways involved in the initiation of motility, 
capacitation, hyperactivation and acrosome reaction; how these upstream events 
affect the capacitation and consequently the ability to fuse with the oocyte. 


In fact, the role of the spermatozoon is to deliver the male genome into the egg so 
that it can combine with the oocyte genome to initiate the development of the new 
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individual. It has been speculated that the external insults (e.g. environmental 
contaminants, physical inactivity, eating disorders) associated with current 
lifestyle of the developed societies may change the epigenetic profile of sperm. 
These external insults are able to “modify” the genetic information carried by 
sperm. Some of these alterations are resistant to the normal reprogramming waves 
occurring during embryo development and therefore heritable. How these 
epigenetic modifications affect fertilization or the development of the embryo are 
emerging questions. In addition, there is increasing evidence that some epigenetic 
modifications acquired throughout parental life are inherited by male germ line 
thus influencing the phenotypes of the next generations. This will be one of the 
hottest topics in the field of male reproductive field for years to come. 


Box 10.1 | Summary 


e Loss of decapacitation factors, HCO; and Ca™ flux regulates the 
capacitation of spermatozoa. 

e The capacitation of spermatozoa is dependent on Tyr, Ser and Thr 
phosphorylation. 

e Only capacitated spermatozoa are able to fertilize oocyte. 

e IZUMO and ADAMS proteins are key proteins in the fertilization 
event. 

e Epigenetic profile of spermatozoa influence embryo development. 

e Fpimutations acquired throughout parent’s life are not erased and 
passed to next generations. 
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Abstract: In recent years, there has been growing awareness that male reproductive 
performance has declined. Numerous studies have focused on various aspects of 
adverse trends in male reproductive health. There is a wealth of data that congenital 
disorders, such as hypospadias, undescended testis, testicular atrophy and testicular 
cancer have increased among young males. Testicular cancer, in particular germ cells 
tumors, are the most common malignancy among young males accounting more than 
10 cases per 100000 men per year in Europe. Both genetic predisposition and 
environmental contaminants probably contribute for its etiology. Testicular germ cell 
tumors arise from malignant transformation of testicular germ cells in a multistep 
process where several aberrant modifications occur in genes involved in 
proliferation/survival and differentiation. Individuals with testicular germ cell tumors 
present a high survival rate but during treatments they are exposed to radio- and/or 
chemotherapy that may induce permanent damages in male fertility. In this context, it 
is essential to decipher the molecular mechanisms underlying testicular-related cancers. 
However, other pathologies have also contributed to the decline of male reproductive 
health, and particularly affect male sexual behavior. Inadequate penile erection, 
commonly termed as erectile dysfunction (ED) mostly occurs in men older than 40 
years. It is quite common in developed countries and compelling evidences have linked 
the development of ED to diabetes mellitus, hypertension, hyperlipidemia, metabolic 
syndrome and depression. In fact, it has been shown that certain environmental and 
factors related to daily life, such as smoking, obesity, and limited or an absence of 
physical exercise may also be key predictors of ED. Physicians have looked with 
particular concern to these issues, but also for the sexually transmitted diseases (STDs). 
Some STDs are resolved without treatment, but others have chronic lifelong infections. 
In this chapter those topics will be discussed from a biochemical point of view and the 
pathways that regulate the most relevant processes. 
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INTRODUCTION 


For many years, reproductive health of males has been overlooked. This has 
occurred because reproductive problems such as infertility have been suggested to 
have only origin in females. For instance, for many years, women’s reproductive 
capacity has been a target for contraceptive development, which illustrates how 
the health systems define “priorities” around women’s and not men’s health 
needs. However, in the last two-three decades a decline in male reproductive 
health has been observed, mostly due to the decline in spermatozoa quality. The 
prevalence of infertility in couples in reproductive age is extremely high and in 
many developed countries affects one in seven couples, with the “male factor” 
accounting for the 50% of the cases. Male reproductive health is extremely 
vulnerable to adverse effects that arise from lifestyle factors. Though there is not 
yet a direct association, compelling evidence suggested that all these external 
insults have contributed to several male reproductive disorders that have a 
common fetal origin, triggered by testicular maldevelopment [1]. This has been 
termed by “testicular dysgenesis syndrome” (TDS) [1]. Amongst the several 
reproductive anomalies that may arise from TDS, testicular cancer is one of the 
most relevant problems since it mostly affects young males. In fact, testicular 
cancer is the most common malignancy among young men. Most of these cases 
are treated with radio- and/or chemotherapy, which lead to severe effects for male 
fertility (most of them permanent). It is therefore imperative to unravel the 
molecular mechanisms by which testicular-related cancers establish and progress. 


On the other hand, the current lifestyle, based on sedentarism and work stress has 
led to psychological and emotional distress that have also compromised male 
reproductive health by disturbing male reproductive behavior. All these factors 
can affect the endocrine system and the molecular pathways that govern it, 
therefore affecting male sexual behavior (namely libido and erectile function). 
Physicians have looked with particular concern to these issues but also for the 
problems caused by pathogens that can be acquired and transmitted through 
sexual activity. Sexually transmitted diseases (STDs) have accounted to the most 
common infection diseases. The alarming number of individuals getting STDs has 
reached pandemic proportions [2]. Most of STDs may be asymptomatic and 
therefore people may be unaware that have it or are at high risk to be infected. 
Some of the STDs are resolved without treatment, but others are chronic lifelong 
infections. In this chapter, those topics will be discussed from a biochemical point 
of view, with particular focus on the pathways that regulate these processes. 


MOLECULAR MECHANISMS INVOLVED IN TESTICULAR CANCER 


Testicular cancer is rare accounting to only 1-1.5% of male cancers. It mostly 
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affects young males during their third or fourth decade of life [3, 4]. The World 
Health Organization (WHO) has classified testicular tumors in three main 
categories: testicular germ cell tumors (TGCTs) accounting for the most common 
form of testicular cancer; cord stromal tumors, and miscellaneous germ cell/sex 
cord stromal tumors [2]. Since TGCTs account for 90-95% of all testicular 
neoplasia and are a heterogeneous group of neoplasms with diverse 
histopathology and clinical behavior, we will focus in this type of cancer. TGCTs 
may occur throughout men’s life and are divided into three main types: type I 
which consists of benign mature teratomas or malignant yolk sac tumors which 
occur in children usually before four years of age and always become apparent 
before puberty [5 - 7]; in the type II], TGCTs can be sub-divided into two main 
types: classic seminoma and nonseminomas, both derived from a common 
precursor cells, called carcinoma in situ (CIS) or intratubular germ-cell neoplasia. 
CIS cells are large atypical germ cells that are found between the thickened 
basement membrane and the Sertoli cell layer within the seminiferous tubules; the 
third type of TGCTs are known as spermatocytic seminomas and usually occur in 
men older than 50 years. These benign tumors exhibit slow growth and share 
some genetic markers with type B spermatogonia [5, 6, 8]. Contrastingly, there 
has been a marked increase in the incidence of type II germ cell tumors in 
developed countries in the last 50 years [5, 6, 8]. Type II TGCTs mainly affects 
men in their reproductive age (20s to 40s years of age). These tumors are 
associated with a pre-invasive lesion or undifferentiated intratubular germ cell 
neoplasia. Interestingly the incidence of TGCTs shows geographic and ethnic 
differences, with Caucasian people being mostly affected in developed countries 
[8 - 12]. Even within this group, it has been observed marked differences between 
populations, as evidenced by two North European countries, Denmark and 
Finland. The rapid increase in the incidence of TGCTs cannot be only explained 
by genetic predisposition, indicating the possible involvement of environmental or 
lifestyle factors in its etiology. This is supported by the fact that increased 
incidence of TGCTs has occurred at the same time with the tendency of other 
reproductive disorders associated with TDS, such as impaired testicular descent, 
genital malformations, and male subfertility [13, 14]. Based on these facts, it has 
been proposed that TGCTs may arise from congenital disorders. For instance, it 
has been generally accepted that cryptorchidism is one of the best known risk 
factors for testicular cancer [15], but other components of TDS, such as 
hypospadias, also arise as good candidates. Interestingly, all these risk factors are 
directly linked to prenatal or perinatal period of development. TGCTs 
development is a multistep process that, in its principle, follows the general 
multiple-hit hypothesis of malignant transformation where accumulation of 
several aberrations affecting groups of genes involved in proliferation/survival 
and differentiation/cell repair, at subsequent stages of life, are required for the 
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initiation of tumor. It is likely that tumorigenesis occurs in utero’s life during 
embryonic development, giving rise to the precursor lesion. This is followed by a 
period of latency until after puberty when, under the influence of sex hormones 
and alongside the normal spermatogenesis. Morphologically, CIS cells resemble 
gonocytes, and in post-pubertal testis occupy the place of spermatogonia. There is 
an intense debate concerning the initiation of malignant transformation of germ 
cells into tumors cells and according to the most recent hypothesis TGCTs initiate 
during intra-uterine development, where they are arrested undifferentiated early 
germ cells, most probably gonocytes [16]. 


This process is highly sensitive to hormonal fluctuations. Somatic cells secrete 
hormones and paracrine factors and with other stromal cells they create an 
adequate “environment” for normal differentiation of germ cells. It is supposed 
that even subtle imbalances in this microenvironment during development of 
gonads may disrupt normal differentiation of germ cells leading to prolonged 
expression of embryonic genes and genes related to the undifferentiated state 
together with mitosis-meiosis switch errors, premature start and/or abnormal 
course of meiosis, thus facilitating their neoplastic transformation. A major 
hallmark of TGCTs is the excess of genetic material at the short arm of 
chromosome 12, usually in the form of an isochromosome i(12p). The 1(12p) 
results from a structural abnormality upon loss of one arm and duplication of the 
other, or in other words, one arm of the chromosome mirrors of each other. This 
genetic abnormality occurs in all primary sites and histologic types [17, 18]. 
Approximately 80% of TGCT cases exhibit i(12p) and the remainder have excess 
12p genetic material in derivative chromosomes [19], however this has been a 
matter of controversy [20, 21]. This region contains a number of genes associated 
with pluripotency and proliferation, such as Nanog, Stellar, Dppa-5, Gdf3, K-Ras, 
Ccnd2, and many of these genes are highly expressed in CIS and TGCTs [22 - 
30]. 


Several signaling pathways have been involved in the pathogenesis of TGCT, yet 
the mechanistic pathways that lead to neoplastic transformation of germ cells 
remain to be fully clarified. Mutations of p53 tumor suppressor gene are the most 
common gene alterations in solid tumors and are usually associated with 
aggressive tumor growth, chemotherapy resistance and poor outcome. p53 is 
extremely important and acts as a “master guardian”. When p53 receives 
information about metabolic disturbances or genetic damages within a cell it may 
arrest the advance of the cell through its growth and division cycle to facilitate the 
repair of damages. If the damages of genome are too severe to be repaired, p53 
elicits signals that activate programmed cell death. In TGCTs, mutations in p53 
are rare (up to 1-5%) and mainly occur in seminomas [31 - 34]. TGCTs cells 
often overexpress wild-type p53 protein where the protein was found to be 
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inactive, but its functions could be restored in response to DNA damage [31, 35]. 
p53 signaling and DNA damage responses seem to function in a different way in 
TGCTs compared to other cells and tumors, probably reflecting their embryonic 
and germ cell character. A possible explanation may be due to the increased 
expression of Mdm2 gene, due to the amplification of 12p where this gene is 
located. Mdm2 encodes for Mdm2 protein that acts on p53 by binding it protein 
and immediately blocking its function. Mdm2 succeeds in shutting-down p53 
driven transcription by preventing the interaction between p53 and p300/Creb- 
binding protein, which activates transcription via acetylation of histones. 
Afterwards, Mdm2 directs the attachment of ubiquitin machinery to p53, 
stimulating the export of p53 from nucleus to the cytoplasm. Thus, subsequent 
polyubiquitylation leads to its rapid degradation by proteasomes. However, this 
process can be inhibited by nutlin-3. Nutlin-3 is a small molecular inhibitor of 
Mdm2/p53 interaction, which leads to the non-genotoxic p53 stabilization, 
activation of cell cycle arrest and apoptotic pathway [36, 37]. 


The first alteration that occurs at an early stage of malignant transformation, in 
cells, sometimes referred to as pre-CIS cells, is an aberrant overexpression of 
stem cell factor (SCF). SCF also known as steel factor or KIT ligand is a growth 
factor existing as membrane-bound and soluble form. SCF is a dimeric molecule 
that exerts its effects by binding to and activating the receptor tyrosine kinase 
(RTK) c-kit. The activation of c-kit leads to its autophosphorylation and initiation 
of signal cascade. Its presence may distinguish the pre-malignant germ cells from 
normal or delayed-mature germ cells [38]. This is an important signaling pathway 
that may be involved in the development of TGCTs. This RTK pathway plays a 
key role in the development and progression of many types of cancer. This 
signaling pathway is extremely complex and in TGCTs have been reported that 
alterations may occur in multiple parts of this pathway. On one hand, 
Ras/extracellular signal-regulated kinase (ERK) signal transduction pathway [39] 
plays an important role in cell differentiation and survival. RTK interacts with 
GDP/GTP exchange factor Sos and can activate the receptor-linked tyrosine 
kinases Ras. Sos and the adapter protein Grb2 form a complex through Src 
homology2 (SH2), and then raise to membrane to act on Ras. Activated Ras will 
activate the serine/threonine kinase Raf-1, which can then activate the dual 
specificity kinases mitogen-activated protein kinase 1 (MAPK1) and 2 (MAPK2). 
The phosphorylation of these two proteins may lead to the re-activation of 
extracellular signal-regulated kinase 1 (ERK1) and 2 (ERK2), which dimerize and 
move to the nucleus to regulate gene activities. On the other hand, after c-kit 
receptor activation, phosphatidylinositol 3-kinase (PI3K) dimerizes through SH2 
and then it is recruited to membrane. SH2, which contains an adapter protein, 
connects esterase subunits to c-kit receptor. As PI3K produces a series of 
biological signals on the membrane, signal transduction molecules downstream of 
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PI3K are activated regulating cell survival and angiogenesis [40]. Importantly, 
functional loss of phosphatase and tensin homolog protein (PTEN) may also be 
involved [41, 42]. Loss, mutation or inactivation of PTEN, a negative regulator of 
PI3K and AKT, have been associated with blocked germ cell differentiation, 
malignant transformation, and the transition from CIS to invasive TGCTs [43, 
44]. Increased inactivation of PTEN and up-regulation of AKT may occur upon 
SCF or estrogen stimulation [45]. 


SCF/c-kit signaling pathway regulates the survival, proliferation and migration of 
PGCs, but it is also strongly implicated in TGCTs. Mutations in c-kit are the most 
common in TGCTs and, together with SCF overexpression, are likely to originate 
a transient autocrine or paracrine regulation, stimulating malignant proliferation 
and cell survival, particularly at the early stages of tumorigenesis. This signaling 
may be further exacerbated by SCF secreted from Sertoli cells, where SCF 
expression is responsive to hormonal stimulation, particularly to estrogens [45]. 
Several proteins participate in the SCF/c-kit pathway. For instance, growth factor 
receptor-bound protein 7 (GRB7) is a protein encoded by Grb7 gene. GRB7 is 
overexpressed in CIS and TGCT, but is not present in normal testis [46]. A 
striking increase of GRB7 expression levels were observed in primary tumor 
samples and in cell lines [47], which are consistent with previous works showing 
increased expression levels of both GRB7 transcripts and protein in TGCTs [48, 
49]. GRB7 is an adapter molecule that interacts with c-kit, epidermal growth 
factor and Ras through its SH2 domain. GRB7 may have an important role in the 
regulation of the downstream signaling of these molecules, but also others, such 
as focal adhesion kinase, platelet-derived growth factor receptor, insulin receptor, 
fibroblast growth factor receptor and Tek/Tie2 receptor tyrosine kinase [50]. 
Furthermore, GRB7 is also known to play a role in cell migration through its 
association with Ephrin type-B receptor 1 and is proposed to modulate the pattern 
of Ras signaling [50]. Amplification, activating mutations or overexpression of 
Ras have been detected in invasive TGCTs in up to 10% of cases but not in CIS 
[34, 42, 46, 47, 49, 51 - 53]. Ras activation can result in signaling through the 
MAPK/ERK pathway. Similarly, high levels of activated ERK and members of 
the signal transducer and activator of transcription (STAT) have been described in 
TGCTs, which are downstream molecules of the SCF/c-kit pathway [41, 42]. In 
the final steps, activation of SCF/c-kit pathway leads to the activation of 
transcription factors and up-regulated transcription of several genes, such as, 
cyclin D1, which promotes proliferation and migration and vascular endothelium 
growth factor, inducing angiogenesis [54]. Compelling evidence has shown that 
other genes associated with increased risk of TGCTs interfere with SCF/c-kit 
pathway. The expression of Spry4 is induced by this pathway and inhibits the 
MAPK signaling, while Bcl2 antagonist/killer (also termed Bak1l), which 
promotes apoptosis by suppression of Bcl2 and other anti-apoptotic proteins, is 
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down-regulated by SCF/c-kit signaling [55]. The transcription factor AP-2 
Gamma (TFAP2C) and its regulator PR domain zinc finger protein 1 (BLIMP1), 
which are important inhibitors of germ cell differentiation, can also interact with 
the regulatory effect of SCF/c-kit and were found to be overexpressed in CIS [56]. 
Recent evidence have also identified Nanos3, Dmrtl and Dnmt3b as potential 
transcription Factor AP-2 Gamma (TFAP2C) target genes with relevance to 
development of germ cell tumors. 


The steroid pathway is also a common target for unexpected adverse effects of a 
number of commonly used environmental contaminants, which act as endocrine 
disruptors. Their possible involvement in the pathogenesis of TDS and testicular 
cancer has been debated [57]. The fact that the two principal identified etiologic 
factors predisposing to TGCTs are androgen/estrogen imbalance and genetic 
background, it suggests a role for genes involved in androgen/estrogen 
metabolism in TGCT development. So far, genetic polymorphisms in estrogen 
receptors a and B and the enzymes cytochrome P450 family 1 subfamily B 
member 1 (CYPIB1) and 17beta-hydroxysteroid dehydrogenase have been 
related to testicular tumor susceptibility [58 - 61]. Interestingly, certain maternal 
polymorphisms in CYP1B1 were also associated with increased risk of TGCTs in 
male offspring [62]. In addition, mutations in androgen receptor (AR) were found 
in individuals with TGCTs [63]. 


Several other set of genes involved gonads formation may also be potentially 
involved in TGCT pathogenesis. The testis-specific protein Y-encoded (TSPY) is 
the putative gene for the gonadoblastoma locus on the Y chromosome that 
predisposes dysgenic gonads in XY sex-reversed patients and intersex individuals 
to gonadoblastoma development. TSPY is overexpressed in pre-invasive lesions 
and in gonadoblastoma. TSPY is overexpressed in tumor cells in various types of 
germ cell tumors, including gonadoblastoma, TGCTs and male intracranial germ 
cell tumors, and has been considered as a key marker that is important in the 
pathogenesis of these types of human tumors [64 - 66]. The encoded protein 
TSPY interacts with cyclin B1 by competitively binding at their SET/NAP 
domains. TSPY colocalizes with cyclin B1 during the cell cycle, particularly on 
the mitotic spindles at metaphase. TSPY enhances the cyclin BI—CDK1 
phosphorylation activity. The stimulatory effect of TSPY has acquired a 
specialized function in germ cell renewal and differentiation [67]. Additionally, 
genes responsible for cell division and telomere length regulation may be 
potentially involved in TGCT tumorigenesis. Telomere regeneration can be 
accomplished through the actions of the telomerase enzyme, which specifically 
functions to elongate telomeric DNA. A striking finding is that telomerase activity 
is clearly detectable in 85 to 90% of human tumor cell samples, while being 
present at very low levels in the lysates of most types of normal human cells. 
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Longer telomeres and increased activity of telomerase have been described in 
TGCTs, where the telomerase activity is related with the degree of tumor 
differentiation [68]. While this subject needs to be fully disclosed, few studies 
have reported that telomeric regulation may be via telomerase reverse 
transcriptase and activating transcription factor 7 interacting protein [69]. 


BIOCHEMICAL CONTROL OF LIBIDO AND ERECTILE 
DYSFUNCTION 


Libido is an urge that impels individuals to seek out, initiate and/or respond to 
sexual stimulation. This process is not a subjective sensation. Just like hunger, 
thirst, heat and cold, libido is built upon a network lying in brain, hypothalamus 
and limbic system. The control of this process is tightly regulated by several 
hormones and neurochemicals being most of them important neurotransmitters 
and/or neuromodulators. Sex steroids are thought to stimulate male sexual 
behavior largely by acting on AR and estrogen receptors (ERs), expressed in the 
medial preoptic area (MPOA) [70]. In fact, neurons of MPOA are responsive to 
sex steroids, after responding to either testosterone (T) or 17-estradiol in the 
perfusion medium [71]. Steroid hormone receptors in the MPOA and its afferent 
connections allow hormones to bias sensory processing to favor sexually relevant 
stimuli. One step in the translation of long-term steroid effects into rapid 
behavioral events is probably a change in the release or effectiveness of 
neurochemical factors. Steroid hormones activate mechanisms of sexual 
excitation by directing the synthesis of enzymes and receptors for several 
interactive neurochemical factors that signal male sexual behavior [72, 73]. 
Among them, dopamine (DA) has been considered one of the most important, 
however norepinephrine (NE), melanocortin and oxytocin (OT are also known to 
stimulate male “sex drive” [74, 75]. DA-mediated enhancement of sexual 
behavior was firstly observed upon administration of L-dopa (3,4-dihydroxy- 
-phenylalanine), a precursor of DA, to men suffering from Parkinson’s disease 
resulting in increased libido and sexual potency [76 - 78]. DA allows hormonally 
primed output pathways to have easier access to sexually relevant stimuli. 
Sensory input from a receptive female elicits the release of DA in each of the 
nigrostriatal, mesolimbic, and in-certohypothalamic systems, which coordinately 
work to control male sexual behavior. DA exerts its effects through DA receptors 
expressed in MPOA. There are two families of DA receptors: D1-family, which 
comprises D1 and D5 receptors coupled with G protein Gsa which activates 
adenylyl cyclase increasing the intracellular concentration of the cyclic adenosine 
monophosphate (cAMP) and D2-family, the receptors D2, D3 and D4 are coupled 
to the G protein Gia (which directly inhibits the activity of adenylyl cyclase and 
consequently the formation of cAMP). It has been observed that stimulation of 
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MPOA by high levels of DA during a precopulatory period increased sexual 
motivation, probably via D1 receptor [79]. 


MPOA is essential for male sexual behavior [80], since coordinates the genital 
reflexes necessary for erection and ejaculation [81]. The MPOA receives indirect 
sensory input from virtually every sensory modality and sends reciprocal 
connections back to those sources [70]. MPOA can influence sexual motivation 
and copulation and its relevance to the sexual behavior has been demonstrated by 
decreased sexual motivation after administration of DA antagonists into the 
MPOA [82]. 


The neurotransmitter NE also “shapes” male libido, though its effects may be 
dose-dependent [83]. Norepinephrine binds to two types of receptors, classically 
termed “a” and “B” and differentiated according to whether the receptor 
stimulates (B) or inhibits (a) the action of the second messenger adenylate cyclase. 
The a receptors are classified into al and a2 subtypes, which are found either 
post-synaptically or pre-synaptically, respectively. Thus, actions of 
norepinephrine at al receptors result in a postsynaptic effect, whereas actions at 
presynaptic a2 receptors serve as a short-loop inhibitory feedback mechanism that 
reduces norepinephrine release. 


The neuropeptide OT has been termed as a “love hormone” [84, 85]. OT cell 
bodies are found in the paraventricular and supraoptic nuclei of the hypothalamus. 
Infusion of oxytocin into the paraventricular nuclei of the hypothalamus 
stimulated sexual behavior, but the underlying mechanisms are not entirely clear. 
It has been proposed that oxytocinergic neurons projecting from paraventricular 
hypothalamic nuclei stimulates dopaminergic neurons in the mesolimbic system, 
thus stimulating sexual behavior [86]. 


Apart from the neuroexcitatory effects, other hormones and neurochemical factors 
exhibit opposite effects to those aforementioned. Progesterone is secreted by 
adrenal glands and inhibits sexual behavior [87], but it is not clear whether 
progesterone’s effects are mediated via classic receptor or by ligand-independent 
mechanisms. Furthermore, the activation of opioid signaling pathways is also 
associated with inhibition of ongoing sexual behavior. Opioid peptides derive 
from pro-opiomelanocortin (f-endorphin, adrenocorticotrophic hormone and a- 
melanocyte stimulating hormone), but also from proenkephalins (Met5- and 
LeuS-enkephalin) and prodynorphin (dynorphin-A, dynorphin-B). These peptides 
differentially bind to the three classes of opioid receptors, u, 6, and x [88]. Several 
reports have shown that long-term injection of opioids lead to decreased libido 
[89 - 91], but none of those works added mechanistic insights regarding the 
effects of opioids in sexual behavior. Recently, it has been reported that 
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administration of opioid receptor agonists in the MPOA inhibits sexual behavior 
in male rats [92 - 94]. 


Serotonin (5-hydroxytryptamine, or 5-HT) has also been generally associated with 
decreased libido. This neurotransmitter is synthesized from tryptophan (by the 
rate-limiting enzyme, tryptophan hydroxylase) producing 5-hydroxytryptophan, 
which is converted to 5-HT (by aromatic amino acid decarboxylase). It has been 
suggested that 5-HT acts via anterior lateral hypothalamus and may inhibit sexual 
motivation by decreasing DA release in the ipsilateral nucleus accumbens, which 
is a major terminal field of the mesolimbic system [95]. 


Most of these neurochemical factors are key players in the biochemical pathways 
underlying sexual arousal and/or sexual desire. One of the first effects of sexual 
arousal is penile erection. The degree of erection is proportional to the degree of 
stimulation. Erection is induced by parasympathetic impulses that pass from the 
sacral portion of the spinal cord through the pelvic nerves to the penis. The 
parasympathetic nerves use neurochemical factors, (e.g. nitric oxide (NO) and/or 
vasoactive intestinal peptide (VIP), acetylcholine) that elicit relaxation of arteries 
and arterioles, as well as relaxes the trabecular meshwork of smooth muscles cells 
(SMCs) of the corpora cavernosum and corpus spongiosum in the penile tissue 
(Fig. 11.1). This allows the blood inflow into the large cavernous sinusoids, thus 
increasing the pressure within sinusoids causing a ballooning of the erectile tissue 
[81]. All hormones, neurotransmitters, or neuromodulators eliciting the contractile 
or relaxation responses exert their effects on the cavernosal SMCs through several 
signaling cascades that can be divided into three major categories: 1) ionic 
mechanisms; 2) intracellular calcium ([Ca*’],) mobilization and 3) Ca” 
sensitization. Among the ion channels present in SMCs, K* channels are of great 
relevance. At least four distinct K* channel subtypes have been identified in 
SMCs: 1) large-conductance Ca’'-sensitive K* channels; 2) metabolically 
regulated K* channels; 3) voltage-regulated K* channels and 4) A-type K* current. 
The function of these channels is related to the hyperpolarizing currents that they 
mediate via the outward flux of K* down an electrochemical gradient. This flux 
together with Ca** mobilization contributes to the relaxation of arterial and SMCs. 
During the erectile response, a drop in [Ca]; is important for the relaxation of 
arteries and SMCs. NO diffuses to SMCs to activate guanylyl cyclase. This 
enzyme is responsible for the conversion of guanosine triphosphate into the 
second messenger cyclic guanosine monophosphate (cGMP). Increased levels of 
cGMP, activates protein kinase G and to a lesser extent protein kinase A (PKA), 
which further lead to a decrease in [Ca™],, (by sequestration of Ca™ in the 
endoplasmic reticulum, inhibition of cell membrane Ca™ influx channels), and 
opening K“ channels with resultant myocyte hyperpolarization and consequently 
SMCs relaxation [81]. Importantly, all this process ceases when the enzyme 
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phosphodiesterase 5 (PDE-5), present in SMCs, hydrolyses cGMP. In fact, this 
step is of great interest for therapeutic intervention, since the administration of 
PDE-5 inhibitors (PDE5-I) is the first line of treatment in men presenting erectile 
dysfunction (ED) [96 - 100]. It is noteworthy that Ca** mobilization is extremely 
important for the maintenance of penile erection. Ca? mobilization is related with 
either contraction or relaxation of SMCs and these processes are always preceded 
by an increase or decrease of [Ca”’],. 


K* Extracellular Ca? 


Relaxation of Smooth 
Muscle Cells 


Fig. (11.1). Schematic representation of penile erection by NO. NO is the main mediator of penile SMCs 
relaxation. After sexual stimulation, NO is produced by nitric oxide synthase I (NOS I) in non-adrenergic non 
cholinergic nerves or by NOS III present in epithelial cells. NO activates guanylyl cyclase (GC) in smooth 
muscle cells producing cGMP from GTP. cGMP activates protein kinase G (PKG), which lead to the 
sequestration of Ca” into vesicles, open K* channels leading to hyperpolarization and consequently closes 
Ca** membrane channels. These events decrease Ca** in SMCs leading to relaxation. These mechanisms cease 
when phosphodiesterase type 5 hydrolyses cGMP enhancing SMCs contraction and penile flaccidity. 
Abbreviations: 5’-AMP: adenosine 5’-monophosphate; cGMP: cyclic guanosine monophosphate; GC: 
guanylyl cyclase; GTP: guanosine triphosphate; NO: nitric oxide; NOS I: nitric oxide synthase; NOS II: 
nitric oxide synthase HI; PKG: protein kinase; Solid arrows: stimulation; Blunted arrows: inhibition. 
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Sympathetic adrenergic signaling and the activity of substances derived from 
vascular endothelium, such as endothelins and prostaglandin F2 are involved in 
these processes [101, 102]. But contrarily to NO, these substances cause penile 
flaccidity. They activate G-protein coupled receptors that initiate a cascade 
leading to the increased production of inositol-1,4,5-triphosphate and 
diacylglycerol. In turn, these substances increase [Ca]; by releasing intracellular 
stores or opening cell membrane channels to allow Ca”*influx [103]. The elevated 
[Ca*’], binds to calmodulin changing its conformation to expose sites that bind and 
activate myosin light-chain kinase [103]. The activated myosin light-chain kinase 
phosphorylates myosin light chains of the SMCs, allowing them to initiate 
contraction [104]. This increase in [Ca]; is only transient, since following 
contraction [Ca]; levels return to resting levels within 1 to 2 min in SMCs [105, 
106], despite the fact that contractile responses are maintained. This suggests that 
other mechanisms are also involved in the contraction of SMCs. One of the major 
mechanisms involved in the contractions of SMCs that is not associated with 
changes in membrane potential is the regulation of Ca” sensitization. The Ras 
homolog gene (Rho)-kinase pathway is a key player in Ca™ sensitization [107, 
108]. G-proteins expressed in penile SMCs activate the Rho family member A 
(RhoA), which activates Rho-kinase. Rho-kinase in-turn phosphorylates the 
regulatory subunit, preventing dephosphorylation of myofilaments that allow the 
maintenance of contractility [109, 110]. The Ca**-sensitizing RhoA/Rho kinase 
pathway may play a synergistic role in cavernosal vasoconstriction to maintain 
penile flaccidity [111]. This pathway has been considered another possible target 
for therapeutic intervention, since one of the proposed mechanisms responsible 
for ED is the high activity of RhoA/Rho kinase signaling [112]. 


Despite all advances made until now, there is still a great need for more effective 
therapeutic drugs that can provide long-lasting improvement for ED. This is one 
of the most common reproductive problems in men, which presents serious 
consequences at the level of sexual performance and relationship. These men have 
difficult to get/keep erection thus hampering a successful intercourse [113]. 
According to the International Consultation Committee for Sexual Medicine on 
Definitions/Epidemiology/Risk Factors for Sexual Dysfunction, the prevalence of 
ED is ranging between 1—10% in men younger than 40 years and increases to 2% 
to 9% in men from between the ages of 40 and 49 years. After 60 years of age 
20—40% of men are affected by ED and in men older than 70 years the prevalence 
of ED ranges from 50% to 100% [114 - 117]. It is predicted that by 2025 the 
worldwide prevalence of ED may reach 322 million men [118, 119] but this 
number may be “masked” by other factors, such as metabolic diseases. ED has 
been associated to other diseases, namely diabetes mellitus (DM) and obesity. 
Indeed, type 2 DM (T2DM) is the second most common risk factor for ED, which 
occurs in 50-75% of diabetics [120]. ED is three times more frequent in diabetics 
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than non-diabetics. Nonetheless, factors associated with lifestyle of industrialized 
societies, such as physical inactivity, exposure to environmental contaminants, 
smoke tobacco or alcohol overconsumption are also key factors contributing to 
the incidence of ED. 


BASIC ASPECTS OF SEXUAL TRANSMITTED DISEASES 


STDs are infectious diseases spread predominantly through sexual contact, 
including vaginal, anal and oral sex. Global estimations indicate more than 1 
million STDs are acquired every day [2]. The effective programs that have been 
ensured by health authorities resulted in a substantial decline in new infections 
[2]. This may be explained by adequate commitment, investment, focus, scale, 
and quality of implementation of prevention and treatment interventions [121]. 
Furthermore, most STDs are asymptomatic which increases the risk of 
transmission among individuals. STDs have a profound impact on sexual and 
reproductive health worldwide. 


An important role in the development of male reproductive disorders is played by 
chronic infectious and inflammatory diseases in different compartments of the 
male genital tract, such as urethritis, prostatitis, epididymitis, which can adversely 
affects sperm function. STDs disrupt male reproduction, but the lack of consensus 
in literature has made this topic a subject of some controversy. According to the 
available literature, it seems there be an association between STDs and male 
infertility, however due to the heterogeneity among studies it is hard to establish 
it. 


To date more than 30 different bacteria, viruses and parasites are transmitted 
through unprotected sexual intercourse. Eight of these pathogens have been 
responsible to the greatest incidence of STDs. Of these 8 infections, 4 are 
currently curable (gonorrhea, syphilis, chlamydia and trichomoniasis), whilst 
other 4 are incurable viral infections (human immunodeficiency virus (HIV), 
herpes simplex virus (HSV or herpes), hepatitis B and human papilloma virus). 
According to the most recent estimations of the WHO, each year there are 357 
million new infections with 1 of the 4 curable STDs: gonorrhea (78 million), 
syphilis (5.6 million), chlamydia (131 million) and trichomoniasis (143 million) 
[2]. Next, we will briefly discuss the basic aspects of the molecular mechanisms 
underlying the invasion of some of the most common pathogens in males and how 
some STDs may affect male reproduction specially in the quality of sperm 
parameters. 


Molecular Mechanisms of HIV Infection 


HIV is perhaps one of the most paradigmatic viruses, due to the number of 
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infected individuals since its discovery in the early 1980s. HIV spreads through 
certain body fluids and attacks the body’s immune system, specifically CD4 cells. 
HIV comprises a viral envelope (Env) containing a capsid with two copies of 
single-stranded RNA and all molecular machinery needed for reverse 
transcription. After sexual intercourse, HIV present in the genital fluids enters into 
the body through genital mucosa. Studies in Rhesus monkeys and humans have 
shown that the most frequent infection is through genital mucosa, where virus 
adsorbs to dendritic cells or macrophages of the urethral mucosa [122]. Sexual 
transmission of HIV depends on the size of the inoculum of virus, the phenotype 
of the viral isolate, and the susceptibility of the host. Detection of HIV in genital 
secretions increases in patients with later stages of disease. The mechanisms of 
urethral HIV transmission are unknown. For HIV to infect and replicate inside 
their hosts, the viral surface protein Env must first bind to receptor CD4 of the 
host cells and subsequently to the co-receptors, CCR5 or CXCR4 [122 - 128], 
which provide stable adsorption. Env is composed by gp120 and gp41subunits 
and gp120 contains a highly conserved inner domain and a more variable outer 
domain, whereas gp41 presents an ectodomain followed by a transmembrane 
domain and C-terminal cytoplasmic tail. Trimeric gp120 on the surface of the 
virus binds CD4 on the surface of the target cell, inducing a conformational 
change causing gp41 to become exposed, where it can assist in fusion with the 
host cell [129]. The hydrophobic, N-terminal gp41 fusion peptide is exposed and 
likely projected toward the target cell membrane into which it inserts, tethering 
the viral and host membranes and destabilizing the host lipid bilayer [130]. 
Assembled as a trimer on the viral membrane, this protein projects three peptides 
fusion domains that attaches to the lipid bilayer of the target cell. The fusion 
domains then form hairpin-like structures that draw the virus and cell membranes 
together to promote fusion, leading to the release of the viral core into the host 
cell [129]. Once inside, the viral capsid is uncoated releasing viral genome. The 
viral RNA is then reverse transcribed through reverse transcriptase into double- 
strand DNA that is transported into the nucleus of the host cell where it integrates 
host genome. The integrated provirus is then transcribed and translated by host 
machinery to generate a polyprotein that is autocatalytically cleaved and 
processed to form new virus that bud from the host cell, enabling additional 
rounds of replication [131]. 


Studies from humans have demonstrated an association between HIV and 
declined male fertility since HIV-infected men exhibited a significant decline in 
sperm parameters when compared to fertile individuals [132, 133]. Interestingly, 
there was no significant differences concerning the proportion of sperm with 
normal morphology and the number of leukocytes in semen between groups. In 
HIV-infected males the low CD4+ cell counts were associated with reduced 
sperm motility and normal sperm morphology. These findings were similar to 
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those observed in a subsequent study that correlate several sperm parameters, 
such as sperm viability, motility and penetration rates with the CD4+ cell number. 
Patients with high CD4+ counts (350/mm’) exhibited improved sperm parameters, 
when compared to those whose CD4+ counts were lower than 350/mm3 [134]. 
Interestingly, it was also evidenced that antiretroviral treatment may be beneficial 
for male reproductive health, particularly for fertilization process, since sperm 
penetration rate was higher in men receiving antiviral therapy, when compared 
with men that were not treated [134]. 


Herpes Simplex Virus Infection 


Herpes simplex virus, commonly known as herpes, can be divided in two types: 
herpes simplex virus type 1 (HSV-1) and herpes simplex virus type 2 (HSV-2). 
HSV-1 is mainly transmitted by oral to oral contact to cause infection in or around 
the mouth (oral herpes), but can also be transmitted to the genital area through 
oral-genital contact. HSV-2 is almost exclusively transmitted through sexual 
contact, causing infection in the genital or anal area (genital herpes). Genital 
herpes caused by HSV-2 is a global issue, and is estimated that 417 million people 
worldwide are living with the infection [2]. Curiously, the number of women 
infected with HSV-2 is higher than men, because the transmission of HSV is more 
efficient from men to women than from women to men. Contrarily to HIV, the 
basic structure of HSV consists of double-stranded DNA packaged into an 
icosahedral capsid [135]. Surrounding the capsid is a layer of mRNAs and 
proteins known as the tegument, which in turn is covered by a lipid bilayer 
envelope containing various glycoproteins and proteins. The HSV family can be 
divided into a, B and y subgroups [135]. 


Initial infection occurs in epithelial cells, generally within the skin and the mucosa 
of the oral and/or genitalia tract [136]. Then, HSV reaches and infects free nerve 
endings of sensory neurons and colonizes ganglia of the peripheral nervous 
system. After initial infection, the virus does not manifest and remains latent in 
neurons. During this period, hosts are still capable to infect other individuals. 
There are five viral glycoproteins that are involved in the entry process: gB, gC, 
gD, gH and gL, though gC is not essential for entry. The binding to cells is made 
by gC and/or gB with heparan sulfate proteoglycans (HSPG). Furthermore, 
filopodia extensions originating from cellular membrane also facilitate the initial 
attachment to HSPG-rich sites. Once attached to cellular membrane, virus begins 
the penetration [136]. In this process, fusion of the virion envelope with the 
plasma membrane or with the membrane of intracellular vesicle is required. In 
either case, gB, gC, gH and gL are required to interact with cellular receptors. 
These receptors include nectin-1 and -2, herpesvirus entry mediator (HVEM) and 
3-O sulfated heparan sulfate. Nectin-1 is a member of the immunoglobulin 
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superfamily, and one of four Ca*’-independent immunoglobulin-like cell-cell 
adhesion molecules that have been described [137]. Nectin-1 is an important entry 
receptor for HSV [136, 138] acting as a gD receptor. The HVEM is a member of 
the tumor necrosis factor receptor superfamily that is involved in the 
inflammatory regulation through interaction with the natural ligands lymphotoxin 
alpha and the lymphotoxin homolog LIGHT [139]. This receptor is expressed in a 
variety of cell types, including lymphocytes and other leukocytes, epithelial cells 
and fibroblasts. Whereas, HVEM and nectin-1 are excellent entry receptors for 
both HSV-1 and HSV-2, nectin-2 is more active for HSV-2 than for HSV-1 and 
3-O-sulfated heparan sulfate is probably more active for HSV-1 than for HSV-2. 
Fusion of viral envelope with a cellular membrane results in content mixing and 
eventual release of the viral nucleocapsid and tegument proteins into the 
cytoplasm of the target cells. Thereafter, HSV nucleocapsids dissociate from 
tegument proteins and bind a microtubule-dependent, minus end- directed motor, 
dynein [140]. While most of the tegument proteins are required for activation and 
modulation of viral gene expression and “shut-down” the protein synthesis of host 
cells, some may participate in dynein-propelled transport of the nucleocapsids 
along microtubules toward the nuclear membrane for uncoating and the release of 
viral DNA into the nucleus. The transcription and replication of viral DNA occurs 
within the host nucleus. Human pathogens have been recognized to play a 
considerable role on male infertility. A high prevalence of HSV-1 DNA has been 
detected in the semen of asymptomatic infertile patients, possibly illustrating an 
association with altered male reproductive performance. Although HSV-1 
infection was not associated with motility and morphology defects of the sperms, 
it was related with decreased sperm count in the semen fluid [141]. Other studies 
seem to support that HSV may be associated with male infertility, since the 
presence of HSV DNA in human sperm, even in low percentage, was significantly 
associated with reduced sperm motility and sperm count [142]. It has been 
suggested that HSV impact spermatogenesis, since it was correlated the presence 
of the pathogen’s thymidine kinase in the testis with defects in spermatogenesis 
and even with sperm structural abnormalities [143]. Those observations were in 
line with the increased thymidine kinase activity and the loss of germ cells in the 
testes [144]. However, it must be taken into account that DNA of herpes viruses is 
frequently detected in the semen of asymptomatic fertile men, as well in infertile 
male patients [145], so it will be need more studies to clarify how HSV impacts 
male fertility. 


Gonorrhea Infection of the Urogenital Tract 


Neisseria gonorrhea (N. gonorrhoeae) belongs to the family Neisseriaceae that 
includes five genera, Neisseria, Kingella, Eikenella, Simonsiella and Alysiella. 
The genus Neisseria contains two human pathogenic species, N. gonorrhoeae and 
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N. meningitides and approximately 30 apathogenic commensal species that can be 
found in mouth, upper respiratory tract and rarely in urogenital tract. N. 
gonorrhoeae is primarily transmitted by direct human-to-human contact between 
the mucosal membranes of the urogenital tract, anal or oropharynx, during sexual 
intercourse. Gonorrhea infection is initiated as a pyogenic infection of the urethra. 
It presents an incubation period that varies from 1 to 14 days. N. gonorrhoeae is a 
gram-negative diplococcus which causes gonorrhea. This pathogen is exclusive to 
humans and primarily affects epithelial cells of the urogenital tract. Studies 
revealed that the gonococcus can enter human cells, and it has been shown that 
the organism is intracellular during human infection [146]. The outer membrane 
structure of N. gonorrhoeae is composed by pilus [147, 148], opacity-associated 
(Opa) outer membrane proteins [149, 150], porin protein (PorB) and 
lipooligosaccharide (LOS) [151 - 153]. After entering into urogenital tract of the 
host, it adheres to the mucosal cells initially by means of pili. Pili play a critical 
role in forming an initial attachment with host cells [154 - 157]. Through their 
ability to exhibit twitching motility, pili may also provide one mechanism by 
which nonmotile gonococci are able to colonize and to ascend mucosal surfaces 
[158, 159]. The outer membranes proteins, namely Opa, LOS, PorB, OmpA and 
iC3b also facilitate the adhesion and subsequent internalization and transcytosis. 
Following adherence, bacteria is enfolded by pseudopods and pinocytosed by the 
host cells. Invasion is mediated by PorB. After adherence, PorB protein is 
translocated from the bacterial cell membrane to the plasma membrane of the 
target cell. Afterwards, the organisms are exocytosed into the sub-mucosal region 
where they elicit a severe neutrophilic response and form microabscesses which 
are exuded as purulent material into the lumen of urogenital tract. Sialylated 
gonococci are eventually released from the urethral epithelium, where they can 
then be transmitted to other partner. 


Studies have demonstrated a possible association between N. gonorrhoeae and 
male infertility. The fertility status of 45 men who developed gonococcal 
urethritis and then epididymo-orchitis were studied prospectively. Before 
infection, 14 men had proved their fertility through their children. However, two 
years after infection, only 21% of these fathers and 40% of all subjects showed 
normal sperm parameters [160], thus suggesting that N. gonorrhoeae may be 
implicated in male infertility. In fact, the urethritis and all chronic infections 
induced by N. gonorrhoeae can cause complications in the epididymis [161]. So, 
epididymitis can affect the sperm concentration leading to oligospermia and 
azoospermia in cases of bilateral epididymitis or vas deferens occlusion [162]. A 
recent case-control study demonstrated that the prevalence of N. gonorrhoeae was 
higher in infertile men when compared with fertile men [163]. Nevertheless the 
mechanisms involved in the pathophysiology are not completely understood, so 
further studies will be needed. 
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Syphilis is a chronic infectious disease caused by the spirochaete Treponema 
pallidum (T. pallidum). T. pallidum is a member of the order Spirochaetales, 
family Spirochaetaceae, and genus Treponema, which includes four human 
pathogens and at least six human nonpathogens [164]. 7. pallidum is a helically 
shaped micro-aerophilic bacterium, 6—-20um in length and 0.10—-0.18um in 
diameter. It consists of a central protoplasmic cylinder bounded by a cytoplasmic 
membrane, an overlying layer of peptidoglycans and an outer membrane. The 
outer membrane of 7. pallidum does not contains lipopolysaccharide and has 
relatively few surface-exposed transmembrane proteins [165]. Two to three 
flagella originated from each end of the organism confer motility. T. pallidum is a 
highly motile organism that propels itself by rotating around its longitudinal axis. 
Unlike most bacterial flagellar filaments, which are comprised of a single protein, 
the shaft of the 7. pallidum flagella is made up of several major filament proteins 
[166, 167]. Three proteins, FlaB1, FlaB2, and FlaB3, constitute the flagellar core 
[168, 169], which is covered with a sheath composed by subunits of the FlaA 
proteins [170]. 


Syphilis is usually acquired by direct sexual contact, with active primary or 
secondary lesions. Studies have shown that 16 to 30% of individuals who had 
sexual contact with a syphilis-infected individual in the preceding 30 days become 
infected [171, 172]. Syphilis is a multistage disease with diverse and wide-ranging 
manifestations. Infection is initiated when T. pallidum penetrates dermal 
microabrasions or intact mucosal membranes and the initial site of infection is 
infiltrated with mononuclear cells, forming the primary lesion or chancre. The 
chancre usually becomes indurated and progress to ulceration, but is not purulent. 
A few hours after inoculation, and during the evolution of the primary stage, T. 
pallidum disseminates widely and organisms are deposited in a variety of tissues. 
Manifestations of secondary syphilis usually occur within 3 months of initial 
infection and are characterized by skin lesions. The most common manifestation 
is a disseminated mucocutaneous rash. Additionally, pale and discrete macular 
lesions also appear initially on the trunk and proximal extremities. For the first 
year after infection, patients are considered to have early latent syphilis. Late 
latent syphilis is defined as asymptomatic infection of longer than one year or 
unknown duration and is divided into two stages, based upon an approximation of 
the time of infection. Late manifestations of syphilis (tertiary syphilis) appear 
approximately 20 to 40 years after first infection and are divided into three 
different forms: gummatous syphilis, cardiovascular syphilis and neurological 
complications [173]. 
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T. pallidum is able to invade and survive in a wide variety of tissues and organs. 
T. pallidum enters into bloodstream within minutes after first inoculation [174], 
and organisms applied to mucosa are found in deeper tissues within hours. The 
first step in 7. pallidum invasion is the attachment of organisms to host cells. 7. 
pallidum has been shown to attach to a wide variety of cell types including 
epithelial, fibroblast like, and endothelial cells of rabbits and humans [175 - 178]. 
Organisms are also able to adhere to isolated capillary [179], kidney [180], and to 
other tissues [181]. Microscopic examination of T. pallidum associated with cell 
cultures [175, 182] suggest that the attachment is mediated by adhesins located at 
the tips of the organisms. However, treponemes have also been observed to be 
attached to host cells along their length. It is possible that other components of 
extracellular matrix (ECM), such as laminin, collagen I, and hyaluronic acid, are 
involved in binding to T. pallidum [180, 183]. In the same way, T. pallidum 
adhesins that bind to different ECM components may contribute to the ability of 
the organism to penetrate different tissues and widely disseminate during 
infection [173]. At our of the best knowledge there are no studies reporting the 
effects of T. pallidum on male reproductive health, but bearing in mind that severe 
syphilis infections can likely cause local lesions in organs it is plausible that 
damages in the testicular tissue and/or in the male reproductive tract may impact 
testicular function and the quality of sperm thus hampering male fertility. 


Chlamydia Trachomatis 


Chlamydia trachomatis (C. trachomatis) is a small gram-negative bacterium and 
presently is the most common bacterial sexually transmitted infection in the world 
[184]. It can infect both men and women and no produces symptoms. C. 
trachomatis is an obligate parasite with a lifecycle comprising two distinct phases: 
1) the first consists of small elementary bodies (EB) which are the infectious form 
of C. trachomatis. EB attach to cells and enter and 2) then change into its 
metabolically active form, called reticulate bodies (RB). RB are responsible for 
the replication of the organism. The entry process into the host cells is through 
endocytosis and it is believed that EB surface structures such as major outer 
membrane proteins and the cysteine rich protein OmcB facilitate this process 
[185]. EB are internalized within a cell membrane lined vesicle in the cytoplasm 
of the host cell. These vesicles undergo maturation process to become early 
endosomes and then late endosomes. The endosomes will not fuse with 
lysosomes, instead of that they intersect vesicles destined for exocytosis, whilst 
EB undergo morphological changes to RB. These are multiplied by binary fission 
and produce RNA, DNA and protein. Afterwards, RB are reorganized into EB 
form to be delivered from the host as new infectious particle of C. trachomatis. 
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Infected males can suffer from asymptomatic infection of the urethra, epididymis, 
and prostate, thus indicating a possible negative impact on male fertility. Several 
studies have reported a reduction in the percentage of progressively motile 
spermatozoa [186 - 189], which can possibly be attributed to the significant loss 
mitochondrial potential that C. trachomatis induce in sperm mitochondria [190]. 
Furthermore, it has been demonstrated that C. trachomatis declines sperm 
viability and increase in abnormal morphology [186, 191]. Bezold and 
collaborators [192] also found an association between the presence of C. 
trachomatis DNA and the reduced sperm concentration in semen. However, 
others have showed no changes in sperm parameters [187, 193]. There is an 
obvious inconsistency among studies that can be explained due to a number of 
reasons, mostly based on methodological aspects [194]. 


CONCLUDING REMARKS 


There is a growing concern about male reproductive health quality. In recent years 
we have witnessed an increase in the incidence of male reproductive disorders, 
generally termed testicular dysgenesis syndrome. Testicular cancer, in particular 
germ cell cancer, is one that mostly affects young individuals. The major concern 
regarding TGCTs are the side effects that result from the treatment that usually 
causes irreversible damage in spermatogenesis. TGCTs arise from malignant 
transformation of PGCs, but the characterization of the underlying molecular 
mechanisms is far from be fully established. It is expected that the new tools of 
molecular medicine enable not only the full knowledge of the mechanisms leading 
to neoplastic transformation of germ cells; but also facilitate the identification of 
new molecular targets for the management of TGCTs. 


On the other hand, erectile dysfunction is one of the most common problems 
affecting the reproductive performance of males. The biochemical changes 
induced by factors associated to lifestyle may be the leading cause for this 
problem, as ED is associated with metabolic diseases. The latest statistical 
projections suggest that the number of individuals suffering with T2DM and 
obesity will continue to grow, though these diseases are already considered 
pandemic. In this sense it is expected that the number of individuals who develop 
ED will also increase. Thus, it is imperative to search new strategies to treat ED. 
PDES-I is in the first line for the management of ED, however there is still a need 
for more effective therapeutic drugs in order to provide a long-lasting 
improvement for ED. 


Effective strategies to improve male reproductive health will reduce health costs 
and also the transmission of undesired diseases/infections. The number of STDs is 
still increasing even in developed countries. Prevention is the most effective way 
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to reduce the risk to be infected with STDs. However, changing behaviors is 
complex, so we need to focus and carefully define the implementation of 
prevention and treatment interventions. 


Box 11.1 | Summary 


e The incidence of TGCTs is increasing among young men. 

e TGCTs arise from malignant transformation of PGCs. 

e §=SCF/c-kit signalling pathway is involved in the development of 
TGCTs. 

e Genes responsible for cell division and telomere length 
regulation may be potentially involved in TGCT tumorigenesis. 

e ED is one of the most common problems affecting reproductive 
performance. 

e Ca” mobilization is related with either contraction or relaxation 
of SMCs. 

e The PDES5-I is the first line in the management of ED. 
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Abstract: Metabolic disorders represent a major public health burden nowadays. From 
these metabolic disorders, obesity and diabetes mellitus (DM) may be considered the 
most significant ones. Obesity is characterized by an excess of body fat, where body 
mass index (BMI) is used for its classification. When an individual has a BMI between 
25 and 30 kg/m’ is considered overweight, while a BMI over 30 kg/m’ classifies an 
individual as obese. This excessive fat is very harmful and may even reduce life 
expectancy. On the other hand, DM encompasses a cluster of disorders characterized 
by chronic hyperglycemia that are a result of defects in insulin action, insulin secretion, 
or both. The exponential increase of these metabolic disorders is, in part, due to 
erroneous dietary habits that lead to an inadequate intake of essential nutrients. 
Moreover, while the prevalence of metabolic diseases increases, the fertility trends 
decrease, illustrating an association that may, or may not, be direct. In fact, there is an 
increasing number of children, adolescent and men in reproductive age suffering from 
metabolic disorders. It is well known that the occurrence of a normal spermatogenesis 
is dependent on the metabolic cooperation established between testicular cells, 
particularly concerning glucose metabolism and insulin signaling. Therefore, it is 
crucial to unveil these mechanisms in individuals with metabolic disorders, how they 
are affected by the disease and how they change the fertility of males. In recent years, 
several studies have provided new information concerning alterations induced by 
metabolic disorders in male reproductive health. In addition, it was highlighted that 
testicular cells possess several mechanisms that react to hormonal fluctuations to 
counteract hyper- and hypoglycemic events. In this chapter, we will discuss the effects 
of DM and obesity in the regulation of testicular insulin signaling and glucose 
metabolism as well as the importance of an adequate diet and how these events are 
implicated in the reproductive health of males. 
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INTRODUCTION 


In the last years, the world is fronting an emergency in public health, due to the 
radical increase of metabolic disorders [1], as obesity or diabetes mellitus (DM) 
[2]. Obesity is a metabolic disorder characterized by an excessive body fat 
accumulation and is measured in part through the body mass index (BMI) [3]. 
When an individual has a BMI above 25 kg/m’ but lower than 30 kg/m’, the 
individual is considered overweight. However, when BMI surpasses 30 kg/m’ the 
individual is considered obese [3]. Obesity may lead to several co-morbidities, 
being DM one of those [4]. DM is part of a group of metabolic disorders 
characterized by chronic hyperglycemia. The latter may be due to defects in 
insulin action, insulin secretion or even both [5]. In this group of diseases, the 
most representative ones are type 1 DM and type 2 DM. The first one, also known 
as insulin dependent DM, is an autoimmune disease where T lymphocytes react 
against insulin-producing pancreatic beta cells [6]. However, the vast majority of 
diabetic individuals have type 2 DM [5]. It embraces individuals who have insulin 
resistance and increasing levels of insulin deficiency. Nevertheless, unlike type 1 
DM, the key triggering factor of type 2 DM appears to be wrong dietary habits 
rather than genetic reasons, though the latter can also play a critical role in the 
appearance of the disease [7]. The deleterious effects of these metabolic disorders 
is denoted by a widespread list of comorbidities and social problems. Concurrent 
with a drastic increase in the prevalence of metabolic disorders, we have also been 
witnessing to a dramatic decline in fertility rates. In fact, research dedicated to 
fertility trends has been encouraged by reports showing that semen quality has 
been declining in European populations from a few decades ago until now [8, 9]. 
Furthermore, these two trends appear to be interrelated for several reasons. One of 
the possible explanations is the enlarged frequency of men on reproductive age 
suffering from metabolic disorders [10]. As discussed in the previous chapters, the 
metabolism of testicular cells is crucial for a normal spermatogenesis. Besides, 
glucose, insulin and lipids have a key role in the control of the metabolic 
cooperation established between Sertoli and developing germ cells [11, 12]. Thus, 
the dysregulation promoted by either obesity or DM in the testicular metabolic 
cooperation might be a key factor to the decrease in fertility rates observed in 
countries with high incidence of metabolic diseases. Nowadays, there is evidence 
from several studies performed either in vitro or in vivo, that the presence of 
metabolic disorders or some of their main features have a profound impact on the 
reproductive potential of males [11, 12]. Moreover, in the last years, several 
studies have been performed to unveil the mechanisms by which metabolic 
diseases alter the reproductive potential of males. Therefore, in this we will 
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discuss the possible mechanisms involved in the connection between metabolic 
disorders, sperm quality and thus (in)fertility. We will also discuss in what way 
dietary components can act as regulators of testicular metabolism and thus, be 
useful to counteract the undesirable effects of metabolic disorders. 


OXIDATIVE STRESS AND ITS EFFECTS ON MALE REPRODUCTION 


Reactive oxygen species (ROS) are byproducts of oxygen metabolism and energy 
production [13]. This broad term includes both oxygen radicals and certain non- 
radical oxidizing agents that can be easily converted into radicals, namely 
superoxide anion radical (O, +), singlet oxygen ('O,), hydrogen peroxide (H,O,), 
and the highly reactive hydroxyl radical (-OH). Free radicals are defined as any 
species that contain one or more unpaired electrons [14]. ROS are normally 
produced in cells, playing important roles in cell signaling [15] and being capable 
of damaging cellular components, namely lipids, proteins and even DNA [16] 
(Fig. 12.1). Concerning male reproductive potential, ROS play a crucial role in 
sperm function as second messengers, namely in capacitation, acrosome reaction 
[17], and sperm-oocyte fusion when they are produced in small quantities [18]. 
However, when the antioxidant capacity of the cells is insufficient to neutralize 
ROS, either by an increase of ROS or by a decrease in antioxidant defenses, 
oxidative stress (OS) occurs [19] (Fig. 12.1). OS may then impair sperm cells 
through damages in plasma membrane and DNA integrity affecting sperm 
motility and viability, sperm-oocyte fusion, development of embryo and even 
maintenance of pregnancy [20]. One of the main reasons for spermatozoa being so 
susceptible to OS is the high percentage of polyunsaturated fatty acids (PUFA) 
that they contain [21]. The attack to the latter by free radicals leads to the 
formation of lipid radicals. These combine with oxygen, the universal electron 
receptor, generating a lipid peroxyl radical [22]. Then, lipid radicals are formed 
because lipid peroxyl radical extracts hydrogen atoms from adjacent lipids in 
order to stabilize as a hydroperoxide [23]. In consequence of lipid peroxidation, 
lipid aldehydes (such as 4-hydroxynonenal) are formed and bind to mitochondrial 
proteins, stimulating the generation of even more free radicals [22]. This further 
enhances lipid peroxidation in a vicious cycle that leads spermatozoa to apoptosis. 
However, and due to the structure of spermatozoa, the nucleases activated in the 
midpiece, either in the cytoplasm or in mitochondria, cannot enter the nuclear 
compartment. H,O, is the only product of apoptosis that can pass from the 
midpiece to the sperm head and consequently damage the DNA. Thus, this is the 
main reason why the great percentage of DNA damage in spermatozoa has 
oxidative origin [24]. 
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Fig. (12.1). Proposed mechanisms of action for antioxidants in idiopathic male infertility. Antioxidants 
diminish the amount of free radical that when present in high levels cause oxidative damages to sperm cells. 
These damages may be exerted through an increase in membrane lipid peroxidation and disruption of DNA 
bases which consequently lead to impaired membrane fluidity and DNA fragmentation, respectively. All 
these impairments cause a decrease in male reproductive potential through decreases in either sperm motility, 
sperm viability and/or apoptosis of developing germ cells. |- decrease; f- increase. 


NUTRITION AND MALE FERTILITY 


The impact of nutrition on fertility is widely known for several years. Yet, the 
knowledge of the relationship between male fertility and nutrition is more recent 
[25]. In fact, several studies have shown that sperm quality could be improved 
through supplementation of some specific micronutrients and vitamins [26 - 31]. 
On the contrary, some elements present in the diet may negatively affect sperm 
quality and thus male fertility potential. We will briefly discuss the effects of 
several components of the diet in detail throughout this subchapter. 


Vitamin A 


Vitamin A is a fat-soluble organic compound found essentially in three main 
forms: retinal, retinol, and retinoic acid [32]. Dietary vitamin A (retinol) is present 
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in eggs, meat products and many fruits and vegetables, namely carrots, sweet 
potatoes and pumpkin [33]. Retinol is transported in the serum and converted to 
retinoic acid in the target tissues [34]. This vitamin is mainly involved in the 
formation and function of mucous membranes and has a preponderant role in 
fertility, both male and female [35]. In fact, retinol is delivered to spermatogonia 
coupled to the retinol-binding protein and is internalized via the stimulation by 
retinoic acid gene 6 cell membrane receptor (STRA6) [36]. Then, retinol is 
oxidized to retinal by retinol dehydrogenase 10 and then to retinoic acid by 
retinaldehyde dehydrogenase lal. However, retinoic acid can also directly enter 
to spermatogonia from Sertoli cells or from the serum. Retinoic acid may then 
interact with its receptors [37]. The activated receptor will stimulate the 
transcription of several genes, namely Stra8, known for being essential for 
meiosis [38]. In fact, vitamin A deficiency in male rats led to a Sertoli cell only 
situation and to the impairment of the blood/testis barrier due to a decrease in the 
integrity of Sertoli cell tight junctions [39]. Due to the effects that vitamin A 
deficiency promotes, blockage of its metabolism has already been proposed as a 
target in order to develop a male contraceptive [40, 41]. Furthermore, studies 
show that serum concentrations of retinol are significantly higher in men with 
normal sperm parameters, compared with those with sperm dysfunction [42]. 
However, the vast majority of studies concerning the effects of vitamin A 
supplementation in male fertility are mixed studies, namely with selenium, zinc 
and vitamins C and E [43]. Thus, it is difficult to distinguish if the beneficial 
effects are from vitamin A alone or from a synergistic effect [43]. 


Vitamin B 


Vitamin B9, also known as folate, is a water soluble vitamin B that can be found 
in enriched cereals, potatoes and green vegetables [44]. It is important for DNA 
synthesis as it is intrinsically involved in purine and pyrimidine production [45]. 
When folic acid is consumed, it has to be converted by serine hydroxymethyl- 
transferase to 5,10-methylene tetrahydrofolate. Then, it can be converted into 
thymidine by thymidylate-synthase or into 10-formyl tetrahydrofolate by C-- 
-tetrahydrofolate synthase to follow purine synthesis [45]. Although this 
micronutrient is so important, it is known that folate-equivalent (folate and folic 
acid) intake of about 75% of men on reproductive age is below the recommended 
range [44]. In fact, subfertile men demonstrated a 74% increase in total normal 
sperm count after supplementation with 5 mg of folic acid (and 66 mg zinc). 
However, in this double-blind, placebo-controlled interventional study it was also 
observed a 4% increase in abnormal spermatozoa [46]. On the contrary, men with 
high folate intake had lower frequencies of several types of aneuploid sperm, 
namely dissomies X and sex nullisomy [47]. Moreover, in folate-dependent 
homocysteine remethylation, other vitamin from vitamin B family, cobalamin, is a 
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cofactor for methionine synthase [48]. The deficiency of this vitamin, also known 
as vitamin B12, leads to folate deficiency, as folate becomes imprisoned in the 
form of methyltetrahydrofolate [49], thus leading to the defects described above. 


Vitamin C 


Vitamin C, also known as ascorbic acid, is an essential water-soluble vitamin 
linked to the synthesis of collagen and proteoglycans and is an important 
antioxidant [50]. It can be found in several fruits and vegetables, namely citrus 
and cauliflower [44]. Interestingly, and comparing with blood serum, the 
concentration of vitamin C in the seminal plasma is about 10 times higher [51]. 
This is of great importance, as this vitamin helps to prevent sperm damage due to 
ROS [52]. Indeed, vitamin C scavenges aqueous ROS by rapid electron transfer 
and thus inhibits lipid peroxidation [53]. Moreover, vitamin C reduces the level of 
oxidized vitamin E, making these to act synergistically towards the decrease of 
lipid peroxidation. When vitamin E reacts with a lipid peroxyl radical, a 
tocopheroxyl radical is formed, and ascorbate can regenerate vitamin E [54]. Men 
with asthenozoospermia were found to have lower levels of vitamin C and 
increased levels of ROS on seminal plasma [55]. Besides its antioxidant key role, 
vitamin C has several other proposed actions in the male reproductive tract. 
Indeed, this vitamin influences testosterone synthesis [56 - 58]. In line with these 
observations, a study showed significantly higher levels of vitamin C in the 
seminal plasma of fertile men, when comparing to infertile individuals. Moreover, 
they have found a positive correlation between vitamin C levels on seminal fluid 
and normal sperm morphology [59]. A 60-day study where 30 infertile but healthy 
men received placebo, 200 mg or 1000 mg vitamin C daily, both treated groups 
with the vitamin showed significant improvements in sperm parameters. In fact, 
only a week after the beginning of the study, the group receiving the higher dose 
of vitamin C showed an increase of 140% in sperm count while the group 
receiving 200 mg showed an increase of 112%. Additionally, both groups showed 
a reduction in the number of agglutinated sperm. At the end of the study, every 
patient receiving vitamin C had impregnated their partner, while no pregnancies 
occurred in the placebo group [60]. Besides, there are also studies indicating 
synergistic effects in both sperm motility and concentration when vitamin C is 
combined with zinc, beta-carotene and vitamin E [61, 62]. 


Vitamin D 


Vitamin D, widely known for its role in the maintenance of calcium and 
phosphate homeostasis, is a versatile signaling molecule [63]. The vast majority 
of vitamin D is generated in epidermis with sun exposure, while the other part is 
obtained through diet. The latter, may be divided in ergocalciferol (vitamin D,) 
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that is obtained from plants or cholecalciferol (vitamin D,) that is obtained from 
animals [64]. Cholecalciferol, 25-hydroxyvitamin D and 10,25-dihydroxyvitamin 
D,, which are circulating forms of vitamin D, are capable to diffuse across plasma 
membranes. On the contrary, the ones which are bound to proteins need to be 
transported into the cell by megalin or cubilin [65], which were already identified 
in the testis. Moreover, the cell expresses enzymes that are capable of 
metabolizing vitamin D [66] and, consequently, capable of activating/inactivating 
it [67]. 1a,25-dihydroxyvitamin D,, the hormonally active metabolite of vitamin 
D, exerts its effects through the vitamin D receptor (VDR) [66]. VDR mediates 
actions in the membrane but also in the cytoplasm, either through modulation of 
second messengers or ion channels [68]. It is also capable of regulating 
transcription, since it heterodimerizes with retinoid x receptor and binds to a 
vitamin D response element in the promoter region of target genes [69]. All of 
these intervenient were not only identified in the male reproductive tract but also 
suggested to be crucial for a normal spermatogenesis [70]. In fact, VDR knockout 
mice were shown to have reproductive dysfunction, both male and female. The 
male mice had decreased sperm motility and sperm count, as well as histological 
abnormalities. Furthermore, aromatase gene expression and aromatase activity 
were decreased. However, testosterone levels remained normal [71]. In addition, it 
was verified that the gene expression regulation by vitamin D metabolites is 
modified according to androgen levels [72]. Besides, vitamin peripheral gonadal 
actions were proven to be important, as the increase in luteinizing hormone (LH) 
and follicle-stimulating hormone (FSH) levels indicate hypergonadotropic 
hypogonadism [71]. These data may suggest an interconnection between 
androgen and vitamin D deficiency. However, VDR effects in mice are not 
completely translated to human, as VDR is not equally expressed between these 
species. In fact, while in humans VDR is mainly present in germ cells and fetal or 
immature Sertoli cells [66], in mice VDR is expressed in germ cells and immature 
and mature adult Sertoli cells [73]. In what concerns to human reproduction, it 
was shown that normospermic and subfertile men have a clearly distinct 
expression profiles of both VDR and enzymes related to vitamin D metabolism 
[64]. This profile is so distinct that the use of the distinct localization of 
CYP24A1 (a vitamin D-inactivating enzyme that is transcriptionally regulated by 
vitamin D) at sperm annulus has already been hypothesized as a sperm quality 
marker [74]. Besides annulus, there is a distinct proposed mechanism for vitamin 
D action on spermatozoa. In this, 1a,25-dihydroxyvitamin D, activates VDR in 
the neck region that causes phospholipase C activation and inositol trisphosphate 
production. This leads to the opening of inositol trisphosphate receptor gated 
calcium channels in the nuclear envelope and increases intracellular Ca” 
concentration [75]. The initial release of Ca” from redundant nuclear envelope 
may be supported by store-operated calcium entry. As discussed in the previous 
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chapters, the increase in intracellular Ca” concentration leads to induction of 
sperm motility in both capacitated [76] and uncapacitated sperm [77], improves 
sperm—egg binding in vitro and triggers the acrosome reaction [78], which is a 
prerequisite to fertilize the oocyte. Moreover, in a study investigating human 
sperm cells at the molecular level, 1a,25-dihydroxyvitamin D, had a significant 
effect on protein phosphorylation, cholesterol efflux, and increased sperm survival 
[79]. Although the mechanisms by which vitamin D influences male reproductive 
potential need to be fully elucidated, it seems that vitamin D plays an important 
role in the maturation of sperm by influencing capacitation and thus by 
modulating male fertility potential. 


Vitamin E 


Vitamin E, a fat soluble organic chemical compound, is part of the tocopherol 
family. It may be found in fruits, vegetables, cereals, grains, vegetable oils, eggs 
and meat [44]. It is a potent antioxidant that helps to prevent lipid peroxidation 
and inhibits free radical induced damage to cell membranes [80, 81]. Vitamin E is 
a potent scavenger of peroxyl radicals, helping to maintain the integrity of long- 
chain PUFA in cell membrane and thus being the main inhibitor of the free 
radical-mediated chain reaction of lipid peroxidation [82]. Consequently, and 
concerning male reproductive function, it is expected that vitamin E protects 
sperm cell membrane components from oxidative damage [83]. In fact, it was 
described that vitamin E has the ability to reduce seminal ROS levels in infertile 
males [62, 84]. Moreover, men with oligozoospermia and asthenozoospermia 
were found to have decreased levels of a-tocopherol when compared to men with 
normal sperm parameters [42]. Prospective studies have also showed an 
improvement of several sperm parameters and even higher pregnancy rates after 
supplementation with 300-600 mg of vitamin E per day. Despite the advantages 
that vitamin E has for male reproductive function, around 50% of men in 
reproductive age do not consume the recommended dose of this organic 
compound [35]. A retrospective study showed a direct correlation between 
vitamin E intake and increase in sperm count and a 5% increase in total 
progressive motility (p<0.5) [85]. Moreover, vitamin E supplementation also 
leads to decreased lipid peroxidation, increased sperm motility, and improved 
pregnancy rates [86]. The decreased lipid peroxidation is due to a decreased 
sperm production of malonic dialdehyde (MDA) that is the end product of lipid 
peroxidation [86]. Furthermore, MDA is an indirect indicator of lipid peroxidation 
in the cell and it was found that its concentration in the semen is twice high in 
men with asthenozoospermia when compared with men with normozoospermia. 
However, supplementation with vitamin E needs to be carefully monitored, as the 
exaggerated intake may lead to cardiovascular complications [87]. 
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Selenium 


Selenium is a crucial trace element, also important for normal testicular 
development, spermatogenesis, and sperm motility and function [88, 89]. It can be 
obtained through plants because it is directly absorbed from the soil [44]. 
Selenium deficiency leads to decreased sperm motility, decreased spermatozoa 
midpiece stability and increased abnormal sperm morphology [90]. Moreover, it 
was also described that the lack of selentum may lead to atrophy of the 
seminiferous epithelium and to reduction of testis volume [27]. On the contrary, 
selenium supplementation was demonstrated to improve sperm motility, sperm 
count and morphology, either used alone or with other nutraceutics [31]. In fact, 
selenium was also found to increase sperm motility by almost 13% in a 3-month 
placebo-controlled study [91]. These effects may be due to a link between sperm 
quality, selenium and selenium proteins. Selenium is a constituent of 
selenoproteins, structural components of mature spermatozoa and some of the 
major players in protecting against oxidative damage [92]. Therefore, selenium 
and selenoproteins guarantee the viability of spermatozoa and provide protection 
against ROS. One of the most important selenoproteins is glutathione peroxidase 
4 (GPXA4) [93, 94]. GPX4 is a selenium protein that contains a selenocysteine at 
the active site. It is known for reducing complex hydroperoxides in cell 
membranes and lipoproteins. In spermatozoa, it is also crucial to the normal 
morphology of the midpiece [94]. In fact, GPX4 firstly appears in pachytene 
spermatocytes and its expression gradually increases during spermatogenesis. 
Mature spermatozoa use protein thiols as an alternative donor substrate to 
glutathione [95]. GPX4 forms covalent cross-links with itself and other proteins 
that eventually build up as a keratin-like material, which is incorporated into the 
helix of mitochondria in the midpiece that forms the majority of the mitochondrial 
capsule [96]. The development of spermatocyte-specific GPx4 knock-out mice 
show that spermatozoa from these animals were not able to fertilize oocytes in 
vitro. Moreover, those spermatozoa had significant reductions in forward motility 
and on mitochondrial membrane potential. They also presented structural 
problems, namely a hairpin-like flagella bend at the midpiece and swelling of 
mitochondria in the spermatozoa [93]. In humans, it was found that sperm cells of 
many males diagnosed with infertility (due to a decrease in both sperm count and 
quality) had significant decreases in polymerized GPX4. In addition, the loss of 
GPX4 is mostly obvious in oligoasthenozoospermic individuals [97]. In sum, and 
due to its impact to male reproductive function in several ways, selenium is an 
essential micronutrient for male fertility potential. 


Zinc 


Zinc is a cofactor for many enzymes and can be obtained in diet mainly through 
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wheat and seeds [44]. It is involved in several biological processes, including 
DNA transcription, protein translation, cell proliferation and even apoptosis [45]. 
Concerning male reproduction, zinc is found in high concentrations within all 
male reproductive tract, especially in Leydig cells, late type B spermatogonia, 
spermatids and prostate [98]. In fact, zinc plays a crucial role in steroidogenesis 
and testicular development, acrosome reaction and sperm chromatin stabilization 
[45]. Zinc is needed in high concentrations in developing spermatocytes for DNA 
condensation and meiosis [99]. In the same way, it is also necessary for DNA 
packaging in spermatids [100]. Besides this role of zinc, it also counteracts 
oxidation through the occupation of binding sites for cooper and iron in proteins, 
lipids, and DNA and by binding to sulfhydryl groups in proteins [101]. Although 
not much is known concerning how zinc reaches developing germ cells, it is 
hypothesized that it can be through Sertoli cells, since they have one member of 
zinc importers family, Zip5 [98]. Still, zinc deficiency is difficult to find in 
industrialized countries, since it is added to several processed food products [102]. 
However, a deficiency in zinc transport may lead to the same clinical 
manifestations as zinc intake deficiency [98]. The latter is associated with 
oligospermia and decreased Leydig cell function, leading to decreased 
testosterone levels [103, 104]. Moreover, there is a positive correlation between 
seminal zinc levels and sperm count and morphology [105]. On the contrary, 
supplementation with 400 mg of zinc sulfate leads to a 100% increase in sperm 
motility [61]. However, the excessive intake of zinc may lead to loss of appetite, 
dehydration or even reduced immune function [106]. 


Coenzyme Q10 


Coenzyme Q10 is a lipid-soluble antioxidant that can be either naturally produced 
in the body or obtained through diet, namely in whole grains, soybeans, nuts, 
cabbage and others [107]. It is significantly involved in mitochondrial respiratory 
chain, as it transports electrons thus having a crucial role in sperm midpiece [26]. 
Coenzyme Q10 also acts as an antioxidant, showing beneficial effects for 
lipoprotein-rich cell membranes, stabilizing and protecting it from OS [26]. In 
fact, there is a direct link between coenzyme Q10 concentrations in the seminal 
fluid and sperm count and motility [108]. It is known that coenzyme Q10 helps to 
decrease the number of apoptotic cells and DNA fragmentation [109]. Moreover, 
it inhibits mitochondrial ROS generation and inner mitochondrial depolarization 
and increases plasma membrane protection against OS [110]. However, the 
specific mechanisms by which coenzyme Q10 exerts its beneficial effects in the 
male reproductive tract remain unknown. 
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Polyunsaturated Fatty Acids 


Fatty acids are hydrocarbon chains with a methyl group at one end and a carboxyl 
group at the other. Its biological reactivity is defined by the length of the chain 
and by the number and position of double bonds that could be present [111]. Fatty 
acids are divided in saturated and unsaturated if they contain no double bonds or 
at least one double bond, respectively. When they have two or more double 
bonds, the unsaturated fatty acids are mentioned as PUFA [112]. These may be 
subdivided in omega-3 and omega-6 based on the position of the last double bond 
relative to the terminal methyl end of the molecule [113]. The principal omega-3 
fatty acids are a-linolenic acid, docosahexonic acid and eicosapentonic acid, while 
the main omega-6 fatty acids are arachidonic acid, and linoleic acid [30]. Some 
omega-3 and omega-6 fatty acids cannot be synthetized de novo in human and 
animals due to a lack of appropriate fatty acid desaturase enzymes [111]. 
Although these are not produced in the body, they can be obtained through diet 
from fish, plants, and nuts. PUFA represent a crucial constituent of cell 
membranes since they influence membrane fluidity, regulate the activity of 
different lipid-dependent membrane-bound enzymes and the membrane resistance 
to physical and chemical stress [114]. Thus, and concerning male fertility, PUFA 
are essential for both developing germ cells and spermatozoa membranes [115]. 
In fact, it was shown that the percentage of long-chain PUFA is linked with the 
normal morphology of spermatozoa [115]. The correct intake of PUFA was 
proven to improve sperm count, motility, morphology and even semen antioxidant 
activity [30]. However, the concentration of omega-3 fatty acids should be higher 
than omega-6 fatty acids [116]. Moreover, it was shown that omega-3 fatty acids 
content in spermatozoa was positively correlated with both sperm viability and 
motility parameters before and after freezing, thus being predictors of 
cryopreservation success [117]. On the contrary, it was shown that an essential 
fatty acid deficient diet in male rats leads to degeneration of the seminiferous 
tubules, as well as a progressive reduction in germ cells and consequently, an 
absence of spermatozoa [118]. In mice, this deficiency led to an absence of 
acrosomal reaction [119]. Altogether, there is compelling evidence that fatty acids 
may improve the reproductive potential of males through the modulation of sperm 
head and tail fatty acid profiles. 


BIOCHEMICAL CHANGES ASSOCIATED TO GLUCOSE AND 
INSULIN DYSFUNCTION THAT COMPROMISE MALE 
REPRODUCTIVE HEALTH 


As discussed in the previous chapters, both glucose and insulin are crucial for the 
normal occurrence of spermatogenesis. The latter is a tightly controlled biological 
process and thus, any alteration in both insulin and glucose regulation may lead to 
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harmful effects to the reproductive health. One of the reasons are modifications in 
crucial molecular steps of cellular processes. For example, normoglycemia in 
diabetic patients is very difficult to attain, as well as a normal insulin regulation in 
both diabetic and/or obese individuals [120, 121]. In fact, although there are drugs 
to control glycemia according to the different stages of insulin resistance, both 
hypoglycemia and hyperglycemia are very common to occur in diabetic patients 
[122]. However, as glucose/insulin dysfunction increases, patients become more 
resistant to insulin and consequently, more vulnerable to the detrimental effects of 
these conditions. Remarkably, even though the use of insulin or insulin mimetic 
agents is essential, they do not assure total efficiency. Furthermore, the safety of 
insulin therapy has been questioned [123, 124]. Thus, it is imperious to discuss 
the molecular mechanisms that are affected when insulin and/or glucose 
dysfunction occurs. As the number of diabetic individuals is rapidly increasing 
among adolescents and young males, one of the systems that should deserve 
special attention is the reproductive system. This is of great importance since their 
reproductive potential may be impaired at a very early age. Indeed, there are 
innumerous alterations in whole body metabolism that can also affect testicular 
cells [11]. 


Few studies have been investigating the molecular mechanisms that are impaired 
in testicular tissue due to insulin and/or glucose dysregulation. Some of these 
studies reported synergistic effects of insulin and other hormones in testes, but 
were still unable to establish the importance of the discovery and its influence to 
fertility potential of males [125]. Later, it was reported that insulin stimulates the 
uptake and/or phosphorylation of free nucleosides in cultured Sertoli cells, having 
a preponderant role in RNA synthesis [126]. Moreover, insulin was also found to 
increase transferrin secretion by these cells [127]. As transferrin is a glycoprotein 
responsible for the transport of ferric ions to germ cells, insulin dysfunction may 
lead to a deficiency in this transport [128]. It was also observed that insulin 
positively affects the production of lactate by Sertoli cells, which is the metabolic 
fuel of developing germ cells [129], being that this effect was mediated by insulin 
receptors [130]. It was also purposed that insulin-like growth factor-1 (IGF-1) had 
a role in regulating specific functions of Sertoli cells [131]. Indeed, it was 
suggested that both IGF-1 and insulin may promote spermatogonia differentiation 
due to its interaction with IGF-1 receptor [132]. Besides the effect in hexoses 
metabolism, insulin was found to play a role in lipids regulation since it controls 
the biosynthesis of arachidonic acid [133]. More recently, it was suggested that 
some of the insulin-mediated effects in male reproductive tract occur through 
modulation of LH and testosterone levels rather than a direct interaction in the 
testis [134]. 
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While the presence of insulin has many effects, its deprivation has also several 
consequences to testicular cells. In fact, it was recently described that insulin 
deprivation caused numerous important metabolic alterations in cultured Sertoli 
cells [135]. These cells express specific receptors for insulin thus being highly 
affected by insulin fluctuations. Under insulin deprivation, Sertoli cells consume 
less glucose and produce less lactate [130]. These effects are accompanied by a 
down-regulation of genes related with glucose metabolism, namely with lactate 
production and glucose import to the cell [135]. Importantly, this condition led to 
a complete suppression of acetate production. This may compromise the normal 
course of spermatogenesis since acetate is needed for membrane remodeling of 
developing germ cells [12]. Notably, insulin plays a role not only in testicular 
cells but also in the developing germ cells. The first studies date back to the 70s, 
when it was proposed that insulin played a role in sperm hexoses metabolism 
[136]. After a study reporting that spermatozoa motility and glucose metabolism 
could be independent from insulin action [137], it was found that both acrosome 
and spermatozoa membrane are targets for insulin action [138]. Moreover, the 
intratesticular injection of insulin led to a decrease of approximately 50% in 
spermatozoa motility in vas deferens but led to a 70% increase in motile 
spermatozoa after incubation with a saline solution [139]. Furthermore, defects in 
insulin secretion may lead to alterations in both pituitary and gonadal functions 
[140]. Remarkably, a study has shown that a vast majority of men with erectile 
dysfunction also present insulin resistance, showing a link between insulin and the 
reproductive health of male individuals [141]. Insulin resistance may also lead to 
a decrease in testosterone secretion by Leydig cells thus promoting male 
reproductive dysfunction [142]. More recently, it was found that ejaculated 
spermatozoa secrete insulin and that this hormone even possesses a physiological 
role in the autocrine glucose metabolism regulation, being related with 
capacitation [143]. In line with this finding, other authors described that insulin 
treatment led to an increase in motility and acrosome reaction, as well as nitric 
oxide production by washed human spermatozoa from normozoospermic donors 
[144]. In fact, there was already identified a mitochondrial citrate carrier in human 
ejaculated sperm and its inhibition leads to reduction of glucose-stimulated insulin 
secretion and autocrine insulin secretion by sperm. This inhibition has 
consequences for capacitation and acrosome reaction that contribute to sperm 
fertilizing ability [145]. This presents a new mechanism by which insulin may 
affect sperm acquisition of fertilizing ability. 


Thus, glucose and insulin dysfunction have a crucial role in male subfertility or 
infertility, being that these conditions are frequently associated to metabolic 
disorders. It is crucial to study how therapy with insulin and/or insulin analogs 
may help to sustain the glycemic control. Furthermore, insulin-induced 
hypoglycemia, a condition that is recurrent and may be even fatal in some rare 
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cases, has unpredictable effects in overall metabolism of testicular cells. The 
magnitude of insulin dysfunction and the mechanisms by which insulin controls 
testicular cells and sperm metabolism are not fully disclosed. This issue should 
deserve more attention in the future. 


IMPLICATIONS OF METABOLIC DISEASES ON SPERM QUALITY 


As discussed in other chapters, there is a worldwide very significant percentage of 
couples with fertility problems. It has been shown that many aspects related to 
lifestyle may be implicated in their reproductive potential. Some metabolic 
disorders are intimately linked with wrong dietary habits, as is the case of obesity, 
type 2 DM and hypertension, which already have been shown to have negative 
effects on male reproductive function, namely on sperm quality. 


Obesity 


Obesity is a metabolic disease characterized by excessive body fat and is closely 
linked with insulin resistance. It is defined as a body mass index (BMI) > 30 
kg/m’, while overweight is defined as a BMI between 25.0 and 29.9 kg/m? [146]. 
According to the World Health Organization, in 2014 about 13% of the world’s 
adult population aged 18 years and over were obese and 39% were overweight. In 
addition, the prevalence of obesity has more than doubled in the last thirty years, 
thus being a major public health concern [147]. However, and in contrast with 
other systems of the human body, only recently attention has been given to the 
effects of obesity on male reproductive system. Nowadays it is known that obesity 
may harmfully affect male reproductive function due to thermal, endocrine, and 
genetic mechanisms [148]. For once, obese men have compromised testicular 
thermoregulation due to a sedentary lifestyle and to increased fat deposition in the 
abdominal, suprapubic, spermatic cord and upper thigh areas [149]. Although it is 
known for several years that this leads to suppressed spermatogenesis, the 
mechanisms are yet fully clarified [149]. However, it is possible that the 
suppressed spermatogenesis may be also due to increased OS, leading to the 
apoptosis of developing germ cells [150]. They can undergo apoptosis via either 
intrinsic or extrinsic mechanisms. The intrinsic pathway is reliant on the 
mitochondria were Bax, a pro-apoptotic protein, responds to heat stress and 
accumulates in the mitochondria [151]. On the contrary, Bcl-2, an anti-apoptotic 
protein, is phosphorylated and becomes inactive. Bax is then introduced into the 
outer mitochondrial membrane leading to the release of cytochrome C to the 
cytosol due to conformational changes [152]. Then, cytochrome C forms a 
complex with apoptotic protease activating factor 1 (Fig. 12.2). The latter binds to 
caspase 9 and proteolytically activates the caspase cascade via executioner 
caspases 3, 6 and 7. The extrinsic pathway, after heat stress exposure, begins 
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when death receptor Fas ligates to its ligand FasL. Fas then recruits Fas-associated 
death domain through shared death domains. When the Fas/Fas-associated death 
domain complex binds to initiator caspases 8 or 10 with its N-terminal death 
effector domain, activated death domains trigger the caspase cascade, leading to 
its activation via executioner caspases 3, 6 and 7 [152]. Moreover, during heat 
exposure, p53, a tumor suppressor that increases the expression of pro-apoptotic 
genes, is moved from the nuclear envelope to the nucleus. Here, it binds to DNA 
causing cell cycle arrest. Although p53 is part of the extrinsic pathway, it also acts 
as interveners of the intrinsic pathway, upregulating Bax and downregulating Bcl- 
2, which are a part of the intrinsic pathway [153] (Fig. 12.2). Thus, both the 
pathways converge at the executioner caspase cascade, which results in germ cell 
death. Autophagy may also be responsible for germ cell death as a back up to 
apoptosis [149]. Still, despite the attempts to create a treatment to this condition, 
either scrotal hypothermia, that was designed to lower scrotal temperature, or 
removal of scrotal adipose tissue proved to be infeasible [154, 155]. 


Additionally, adipose tissue is now known as an important organ of hormone 
production and metabolism, thus accumulation of increasing quantities of body fat 
may interfere with the hormonal regulation of testicular function. Numerous 
studies observed that metabolic parameters linked with obesity, namely high 
levels of plasma cholesterol and triglycerides, impair testicular function, leading 
to decreased semen quality and thus infertility [156]. 


Moreover, due to a higher percentage of body fat, obese men have reduced levels 
of total and bioavailable testosterone, as well as decreased inhibin B, that are 
accompanied by a decrease in LH pulse amplitude [157]. These hormonal changes 
are suggested to be caused by an estrogen negative-feedback inhibition, due to 
increased adipose-derived aromatase activity [158, 159], along with decreased 
formation of inactive 2-hydroxyestrogens [159, 160]. Therefore, Leydig cells in 
obese men secrete less testosterone, and these levels are negatively correlated with 
leptin [161] and fasting insulin levels [162]. Along with this, sex hormone- 
binding globulin (SHBG) has also a preponderant role in obesity-related male 
infertility. SHBG is produced in the liver and then secreted into the blood, where 
it binds androgens and estrogens, regulating their bioavailability. However, 
SHBG production and secretion is under the control of hormones and nutritional 
factors in human liver [163]. In fact, both in vitro and in vivo studies suggest that 
insulin lowers SHBG production [164, 165]. These findings indicate that insulin 
resistance, directly or indirectly through hyperinsulinemia, may have a role in the 
regulation of SHBG production. BMI is considered a major determinant of SHBG 
plasma concentrations and it is known that obese individuals have low levels of 
this globulin [166]. Thus, in obese males, the decrease in SHBG results in less 
estrogen bound, ending up in more biologically active, free estrogen. In addition 
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to the conversion of testosterone to estrogen in obese patients, the decreased 
ability of SHBG to sustain homeostatic levels of free testosterone also contributes 
to abnormal testosterone levels [167, 168]. This failure to maintain the normal 
levels of testosterone may magnify the negative feedback of elevated total 
estrogen levels. Thus, obese men present higher levels of estrogens and decreased 
levels of total testosterone. Furthermore, it has already been shown that obesity 
and infertility are genetically related. In fact, twenty-one genes linked with this 
metabolic disorder were also associated with human infertility and reproduction 
[146]. However, if we have a closer look to the identified genes, it is not 
surprising that most of them is related with endocrine regulation. In fact, between 
these genes it is possible to identify androgens, leptin, FSH and IGF-1 receptors 
[146]. 
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Fig. (12.2). Schematic representation of intrinsic and extrinsic pathways of cellular apoptosis. The intrinsic 
pathway is reliant on mitochondria were Bax responds to external factor and accumulates in that organelle. 
On the contrary, Bcl-2 is phosphorylated and becomes inactive. Bax is then introduced into the outer 
mitochondrial membrane leading to the release of cytochrome c. Then, cytochrome c forms a complex with 
apoptotic protease activating factor 1 (APAF1). This binds to caspase 9 forming the apoptosome which 
proteolytically activates the caspase cascade via executioner caspases 3, 6 and 7. The extrinsic pathway after 
external factors begins when death receptor Fas links to its ligand FasL. Fas recruits Fas-associated death 
domain (FADD). When this complex binds to initiator caspase 8, activated death domains trigger the caspase 
cascade, leading to its activation via executioner caspases 3, 6 and 7. Thus, both pathways converge at the 
executioner caspase cascade, which results in germ cell death. Moreover, p53 is moved from the nuclear 
envelope to the nucleus. It can also bind to DNA causing cell cycle arrest. |- activation; + - inactivation. 
Abbreviations: APAF!1 - apoptotic protease activating factor 1; FADD - Fas-associated death domain. 
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Obesity is also intimately linked with the consumption of high energy diets. Due 
to a fatty acid overload, testicular glycolysis is disrupted, leading to a deficient 
nurture of developing germ cells. Besides, lipid metabolism is also compromised 
in Sertoli cells, inducing a deficient germ cell membrane remodeling and 
structure. All of these effects in testicular environment, due to high energy diet 
consumption, lead to a decrease in semen quality (for review see [169]). 
Moreover, a major factor that contributes to obesity-related sperm quality 
problems is the increased OS and lipid peroxidation [156]. Indeed, it was 
observed that spermatozoa from infertile obese man presented increased oxidative 
injury and DNA fragmentation, which reflect the abnormal oxidative state of the 
testicular microenvironment and efferent duct system [170, 171]. Moreover, it 
was found that sperm cells from obese individuals have decreased mitochondrial 
membrane potential. This alteration anticipates phosphatidylserine externalization 
to the external leaflet of the plasma membrane, a potentially reversible signal, 
which starts the cascade of events leading to final DNA fragmentation and 
possibly apoptosis [172]. Thus, although the information about the effects of 
obesity on sperm parameters varies, it is clear that at least increases the possibility 
of sperm cells having oxidative injury. Thus, and as previously stated in this 
chapter, the antioxidant therapy may be beneficial in cases of obesity-induced OS 
in the male reproductive tract [62]. 


Diabetes Mellitus 


Diabetes mellitus (DM) is a metabolic and chronic disease, being considered one 
of the leading cause of morbidity and mortality worldwide. This burden is having 
such an exponential increase that statistical estimates are outdated years ahead of 
schedule. One of the most recent studies by the International Diabetes Federation 
estimates that 415 million adults have DM and that this number will rise to 642 
million by 2040 [173]. DM is characterized by hyperglycemia because pancreatic 
B-cells are not producing enough insulin and the body does not respond properly 
to insulin, or both [5]. In addition, DM causes impaired carbohydrate, fat, and 
protein metabolism [174]. There are two main types of DM: type 1 DM and type 
2 DM. The first one is an autoimmune disease that leads to the destruction of 
insulin-producing B-cells. Consequently, there is a dramatic reduction or even 
elimination of insulin production and patients need exogenous insulin to survive 
thus being also called insulin dependent diabetes. On the other hand, 
hyperglycemia in type 2 DM results from insulin resistance along with variable 
degrees of inadequate insulin secretion. However, the complexity of T2DM led to 
the establishment of a prodromal stage often called as prediabetes [175]. Here, the 
patients present glycemic values lower than type 2 DM thresholds but are still 
higher than normal [176]. Due to the involvement of all body metabolism, DM 
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can lead to a variety of comorbidities, including sexual disorders and impaired 
fertility [177]. 


In the last years, and due to the increase of both DM and infertility, the attention 
given to the mechanisms that may interconnect these disorders has increased. It is 
now widely accepted that diabetic individuals have a significant decrease in sperm 
quality [178]. This may be due to several factors, namely increased sperm nuclear 
DNA fragmentation or mtDNA damage [179]; impairment of sperm viability, 
motility and morphology [11, 29]; or even to decreased fecundity capacity [180]. 
In fact, several studies reported damages in both sperm nuclear and mitochondrial 
DNA. These are, at least in part, due to increased OS in the testis [181]. It was 
shown that prediabetes, a prodromal stage of DM, decreases the antioxidant 
potential of testicular tissue, while increases lipid peroxidation and protein 
carbonylation [29, 182]. Likewise, prediabetic individuals showed a decrease in 
testicular peroxisome proliferator-activated receptor gamma coactivator-1a (PGC- 
la) and sirtuin 3 levels [182]. The decrease of PGC-1a and sirtuin 3 is known to 
favor OS, due to a disproportion between antioxidant defenses and ROS [183]. 
Thus, this may lead to the observed DNA damage. Moreover, DM also affects 
hormonal levels. Indeed, a significant decrease in both LH and FSH levels was 
described in the plasma of diabetic individuals [180]. Remarkably, insulin 
injections can restore LH to normal levels [184, 185]. 


Type 2 DM also induces a decrease in both serum and intratesticular testosterone 
levels [186]. As testosterone is produced by Leydig cells, this may be related with 
the finding that Leydig cells presented abnormal morphology in diabetic 
individuals, with lipid droplets in their cytoplasm [187]. In the same study, it was 
also reported that Sertoli cells presented an extensive vacuolization and a high 
degree of degeneration [187]. Although sperm morphology was normal, these 
modifications have drastic consequences on testicular cells metabolism and 
consequently, on the adequate nurture of germ cells. In fact, DM led to a 
reduction in the production of lactate by testicular cells through a decrease in 
lactate dehydrogenase activity [186]. Furthermore, DM was also found to be 
related with ionic modifications in both testis and epididymis [188]. In the testis, 
there was an increase in the transcript levels of several bicarbonate transporters in 
prediabetic rats. On the other hand, prediabetes also altered the protein expression 
of some bicarbonate transporters in the epididymis, suggesting an alteration in 
bicarbonate homeodynamics which may lead to an inadequate environment for 
sperm storage [188]. Thus, DM impacts sperm viability and, consequently, male 
reproductive potential. There are several studies indicating that different diabetic 
animal models present a marked reduction in both fecundity [189 - 191] and 
sperm quality [180]. Furthermore, diabetic patients were shown to have impaired 
sperm parameters, namely decreased motility [192]. Concerning assisted 


344 Andrology: Current and Future Developments, Vol. 1 Maria J. Meneses 


reproduction techniques, fertilization rates and embryo quality did not differ from 
non-diabetic couples, but pregnancy rates were lower in couples with a diabetic 
male [192]. Of note, diabetic male individuals also present sexual disorders, such 
as retrograde ejaculation, decreased libido and erectile dysfunction [177]. Despite 
all that is already known, further studies are needed to deeply understand the 
molecular mechanisms that interconnect DM and infertility. 


TESTICULAR CELLS METABOLIC FUNCTIONING AND GLUCOSE 
HOMEOSTASIS 


As described above, glucose is crucial for spermatogenesis, since it is the 
precursor for the lactate produced by Sertoli cells that is then used by developing 
germ cells to suppress their energetic needs [193, 194]. It has been described that 
glucose deprivation led mammalian cells to increase glucose uptake, showing that 
glucose may regulate its own transport and metabolism [195, 196]. This 
regulation includes altered expression of glucose transporters, which is increased 
in response to glucose deprivation. Glucose transporters 1 and 3 expression was 
found to be increased through the activation of phosphatidylinositol 3- 
kinase/protein kinase B, AMP-activated protein kinase and p38 mitogen-activated 
protein kinase dependent pathways [193]. Besides these, insulin, and some 
cytokines and growth factors differentially modulate the expression of those 
glucose transporters [135, 197]. Consequently, Sertoli cells are able to increase 
the uptake of glucose in order to produce the adequate amounts of lactate. This 
will fulfill the needs of developing germ cells even though there is a condition of 
glucose deprivation [193]. These fluctuations in glucose and insulin concentration 
lead to alterations in Sertoli cells metabolism that can impair the development of 
germ cells and consequently male fertility. However, besides the relation between 
insulin and glucose, IGF-1 influences glucose transport in testicular cells. In fact, 
an overexpression of IGF-1 results in increased developing germ cells apoptosis 
and thus, abnormal spermatogenesis and reduced male fertility potential [198]. In 
sum, glucose homeostasis is essential for male fertility, or else may end-up in 
infertility. There are several homeostasis pathways that cause alterations in 
testicular cells metabolism. Yet, these cells present some important compensatory 
mechanisms that allow the preservation of energy necessities of germ cells. 


CONCLUDING REMARKS 


The prevalence of metabolic disorders is worrying and the number of individuals 
suffering with them is expected to increase for the next years. This is a major 
problem at several levels since these diseases are associated with numerous co- 
morbidities that need endless monitoring and pharmacological management. 
Connected with this, there is an increasing social problem related with fertility 
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trends. The decrease in fertility rates are in part suggested to be associated with 
the increase of metabolic disorders. As discussed, men with metabolic diseases 
present numerous dysfunctions in their reproductive system that can lead to 
infertility or, at least, subfertility. Therefore, it is of great importance to unveil the 
mechanisms induced by metabolic disorders that result in the impairment of the 
male reproductive tract. Within the seminiferous tubules, insulin regulation and 
glucose metabolism are crucial for male reproductive function since several 
essential metabolites for developing germ cells, as lactate or acetate, are produced 
from glucose. Moreover, these metabolic disorders are normally linked with 
wrong dietary habits. Besides the increase in carbohydrate consumption, normally 
a deficit of micronutrients also occurs. Some of these are essential for a normal 
spermatogenesis since they may be intermediates for germ cell development. 
Some micronutrients are needed not only for germ cells, but also to maintain the 
antioxidant defenses of the testicular tissue and spermatozoa. As discussed, 
individuals with metabolic disorders present impaired testicular metabolism that 
may end-up in reduced sperm quality and consequently in male 
subfertility/infertility. Thus, it is imperious to further unveil these mechanisms to 
develop new treatment strategies against metabolic disorders-induced male 
subfertility/infertility. The information concerning metabolic diseases and their 
underlying mechanisms in whole body glucose/insulin homeostasis is rapidly 
shifting. Regrettably, the knowledge in what concerns to testicular metabolism 
remains scarce. It is pivotal to unveil the way whole body metabolic state may 
influence testicular metabolic status. 


Box 12.1 | Summary 


e The prevalence of metabolic disorders and fertility trends are interconnected; 


e Oxidative stress, one of the main features of metabolic disorders, highly 
impairs male reproductive potential as a result of decreased antioxidant 


defenses or increased free radicals in the intratubular fluid; 


e Dietary habits have a major impact on male reproductive function, particularly 


the deficiency of specific micronutrients; 


e As glucose and insulin are extremely important for the normal occurrence of 


spermatogenesis, their dysregulation has profound consequences on testicular 
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Abstract: The increase in the occurrence of defective spermatogenesis and other 
important fertility issues in males evidenced over the past few decades have prompted 
the research on the possible contribution of environmental factors to this adverse trend. 
Environmental contaminants may act through different molecular targets in male 
reproductive system, being able to disrupt the functioning of reproductive axis and, 
consequently, testicular physiology and metabolism. In addition, endocrine disruptors 
and environmental compounds that favor adipogenesis, namely obesogens, are also 
related to the imbalance of tightly regulated metabolic processes and to a host of other 
adverse reproductive outcomes. Such effects may result from an exposure during 
gestation, prepubertal age or adulthood, emphasizing the importance of different 
environmental impacts throughout the life course. Environmental contaminants may 
also promote disturbances in the metabolic performance of the following generations, 
through epigenetic modifications passed by male gametes. As society increasingly 
introduces new potentially toxic substances into daily life, unveiling the molecular 
pathways by which environmental contaminants induce toxicity that may end-up in 
epigenetic modifications is imperative. Otherwise, a transgenerational susceptibility to 
metabolic diseases may be favored. Herein, we discuss the suggested molecular targets 
and potential mechanisms for environmental contaminants action and the subsequent 
effects of exposure during different life stages of the male. We also present an up-to- 
date overview about the impact of endocrine disruptors and obesogens on male 
reproductive health, as well as the epigenetic modifications induced by these 
environmental cues. 


Keywords: Environmental contaminants, Endocrine disruptors, Epigenetic 
modifications, Glucose metabolism, Lipid metabolism, Male fertility, Molecular 
toxicology, Obesogens, Spermatogenesis, Sertoli cells, Sperm quality, 
Transgenerational effects. 


INTRODUCTION 
Nearly 50% of infertility cases, affecting millions of couples worldwide, are 
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exclusively attributed to the male factor [1]. As in these cases treatment is not 
usually directed at a specific identified cause, it becomes difficult to establish an 
accurate diagnosis for the observed anomalies in male reproductive health. 
Moreover, men apparently normal may suffer abnormalities in the quality of 
spermatozoa [2]. Treatment is usually associated with assisted reproductive 
technologies, which are applied to increase the chances of conception. Indeed, a 
negative correlation has been suggested in this context: while life expectancy 
increases, the quality of spermatozoa substantially declines, thus becoming a 
matter of great concern specially in most developed societies [3]. Although the 
etiology of this adverse trend remains a subject of great debate, there has been a 
consensual awareness regarding the contribution of external factors, such as 
lifestyle habits and its associated factors, as is the case of permanent exposure to 
environmental contaminants. These contaminants can be found virtually 
everywhere, with exposures throughout lifespan, from gestation to adulthood, 
emerging as an important health issue. Male reproductive function is highly 
susceptible to the effects of environmental contaminants, such as pesticides, 
plasticizers, heavy metals, food additives and others [4]. Most of these 
environmental contaminants exhibit lipophilic characteristics and can mimic 
naturally occurring hormones acting as endocrine disruptors (EDCs). EDCs are 
defined as exogenous agents that interfere with the production, release, transport, 
metabolism, binding, action, or elimination of natural hormones in the body, 
which are responsible for the maintenance of homeostasis and the regulation of 
developmental processes [5]. Considering reproductive function, most of the 
effects are exerted through disturbance of estrogens-, anti-estrogens-, androgens- 
and anti-androgens-mediated processes [6, 7]. The majority of these substances 
act by interfering with the receptors of endogenous hormones and impairing the 
usual gene transcription response [8]. However, some EDCs are also capable of 
modifying hormone bioavailability by interfering with its secretion and transport 
or by disrupting the enzymatic pathways involved in hormone synthesis and 
metabolism [9, 10]. EDCs are a heterogeneous group of substances and several 
harmful effects were already associated to their exposure in healthy individuals. 
This is extremely important concerning male reproduction, which is highly 
dependent on endocrine regulation, specially reproductive events (such as 
steroidogenesis and spermatogenesis) that are dependent on Leydig and Sertoli 
cells, respectively [11]. However, the molecular mechanisms by which the 
environmental cues affect male reproductive health are not entirely dissected yet. 
Besides, the adverse effects of an exposure to these compounds was mainly 
studied at an occupational context and not applied to the general population [12], 
making people less concerned about their effects. Information regarding human 
data is scarce. Furthermore, humans are exposed to at least hundreds of 
environmental chemicals of which dozens are classified as EDCs. One limitation 
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of epidemiological studies is that they only evaluate human exposure to a single 
environmental contaminant, or at best to a set of isomers or congeners within a 
family of EDCs. Understanding the potential human health risks requires the 
study of the complex mixtures to which we are permanently exposed. In this 
context, animal studies have suggested that environmental cues play a significant 
role in spermatozoa quality and thus, in male fertility [13 - 15]. 


Spermatogenesis is an exclusive function of mature testes, since it begins during 
puberty and continues spanning through the entire reproductive life [16]. This 
event is extremely complex and its function becomes easily vulnerable to the 
effects of environmental contaminants [17]. However, it is important to highlight 
that the effects of insults from these environmental contaminants occurring at 
early ages, even gestational, may be manifested only at adulthood [18]. In this 
chapter, the impact of environmental contaminants on male reproductive health 
and testis physiology will be discussed from a biochemical point of view. It will 
also explore the putative effects of environmental contaminants on sperm 
parameters and the subsequent consequences to overall male fertility potential. 


MOLECULAR TARGETS OF ENVIRONMENTAL CONTAMINANTS 


The impact of environmental compounds on male fertility has been under 
discussion for more than 50 years, when Ratcliffe [19] associated the dramatic 
decline in the population of certain bird species to a persistent pesticide exposure. 
Pesticides, heavy metals, chemicals in plastics, phytoestrogens and other 
environmental chemicals have been described since then to act like “uncontrolled 
medicines” for humans [20], being capable of affecting their health. Originally it 
was thought that environmental contaminants, in particular those acting as EDCs, 
exerted its effects through nuclear hormone receptors, including estrogen 
receptors, androgen receptors, progesterone receptors, thyroid receptors and 
others [21]. However, today it is known that those mechanisms are much broader 
than was initially postulated. The group of molecules classified as EDCs is very 
heterogeneous and includes industrially produced chemicals, such as 
polychlorinated biphenyls (PCBs), polybrominated biphenyls (PBBs), dioxins, 
bisphenol A (BPA), phthalates, pesticides (methoxychlor, chlorpyrifos, 
dichlorodiphenyltrchloroethane (DDT)), fungicides and pharmaceutical drugs. 
Likewise, natural chemicals found in human and animal diets (e.g. 
phytoestrogens, such as genistein) can also act as EDCs. Individuals are mainly 
exposed to these contaminants through ingestion, inhalation and/or dermal 
absorption. EDCs such as dioxins, PCBs, PBBs and pesticides often contain a 
phenolic moiety that is thought to mimic natural steroid hormones and enable 
EDCs to interact with steroid hormones receptors as agonists or antagonists. 
Furthermore, the majority of these compounds are lipophilic and this is 
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particularly relevant from a physiologic point of view, since reproductive organs, 
due to their high lipid content, may serve as “hot spot” for the storage of 
environmental contaminants [22]. On the other hand, some of these contaminants 
easily cross the biological barriers (blood-brain and blood-testis barriers) 
disrupting male reproductive function at either central and/or gonadal levels 
through multiple mechanisms of action [23]. 


Hypothalamic-pituitary-testicular Axis 


Male fertility is tightly controlled by neuroendocrine network. These processes 
are initiated in central nervous system, specifically at hypothalamus being firstly 
conveyed by neural and then by endocrine effectors (see Chapter 5). Disruption of 
these neuroendocrine pathways by environmental chemicals can ensure several 
perturbations in the reproductive function, particularly when endocrine disruption 
occurs during critical development periods. There has been an increased research 
interest on the effects of EDCs on neuroendocrine signaling pathways. Several 
studies have focused on the hypothalamus-pituitary-testicular (HPT) axis, since 
this system is on the frontline of the targets for environmental contaminants. In 
fact, different environmental compounds may target HPT axis at different sites 
with different intensities, disrupting its regulation. Among the several 
environmental toxicants, bisphenol A (BPA) has arisen as an EDC that acts 
through a variety of physiological receptors. BPA molecules are linked by ester 
bonds that are subject to hydrolysis when exposed to high temperatures or to 
acidic or basic substances [24]. BPA was thought to exhibit a weak estrogenic 
activity, based on the relative binding affinity of BPA for the nuclear estrogen 
receptors (ERs) a and B, which were estimated to be over 1000-10000 fold lower 
when compared to 17B-Estradiol (E2) [25]. In fact, BPA binds to both ERa and 
ERB [26, 27] and plasma membrane-bound ERs [28], as well as to the G-protein- 
coupled receptor 30, thus illustrating that beyond the genomic actions, BPA may 
also act by non-genomic pathways. Rodents exposed to BPA during the perinatal 
and postnatal periods exhibited an upregulation of kisspeptin (KiSS-1) expression 
levels, gonadotropin-releasing hormone (GnRH) and mRNA of FSH [29]. KiSS-1 
acts as a guardian to the onset of puberty and for the regulation of gene expression 
in the HPT axis. The upregulation of KiSS-1 expression stimulated the synthesis 
and release of GnRH and gonadotropins in the hypothalamus and pituitary, 
respectively [29]. However, it was later showed that the hypothalamus is not 
involved in the disruption caused on the HPT axis by an adult exposure to BPA. 
In this study, the relative levels of GnRH receptor mRNA, the gene which 
encodes the receptor for type 1 GnRH was increased by five-fold in pituitary of 
BPA-exposed groups [30]. Since GnRH is responsible for the release of follicle- 
stimulating hormone (FSH) and luteinizing hormone (LH) from the anterior 
pituitary, as expected both relative levels of LHb mRNA and FSHb mRNA, the 
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corresponding genes, were also increased. Although the increased GnRH receptor 
expression may correspond to augmented testosterone (T) levels, this increase in 
androgen and E2 receptors suggests the stimulation of negative feedback 
mechanisms [31]. The same compound was also related to an imbalance in the 
ratio T/E2 due to an enhanced aromatase activity that increases E2 levels [32]. As 
a result, the release of gonadotropins at the hypothalamic-pituitary axis is 
inhibited, compromising all downstream events of the HPT axis, namely 
spermatogenesis. 


The environmental toxicant tributyltin (TBT) is also involved in the dysregulation 
of HPT axis. TBT belongs to the organotin family and presents three organic 
groups covalently bonded to a tin atom [33]. TBT leads to a dysfunctional HPT 
axis by inducing leptin resistance and increasing plasma insulin levels, accounting 
for reduced gonadotropin secretion at hypothalamic—pituitary level [34]. In 
parallel with this, also several phthalates [35] may promote insulin resistance, 
accounting for reduced gonadotropin secretion at hypothalamic—pituitary level. 
Insulin may directly act through its receptors located in the hypothalamus and 
pituitary [36], being pivotal for a normal function of HPT axis [37]. From the 
perspective of reproductive potential onset, puberty can be defined as activation 
of the HPT axis, leading to steroidogenesis, gametogenesis and the development 
of secondary sexual characteristics. Thus, many aspects resultant from the 
functioning of this complex system are also susceptible to the exposure of 
environmental contaminants and modulation of the HPT axis. 


Leydig Cells 


Leydig cells are the primordial site of steroidogenesis and well-known targets for 
environmental contaminants. Certain EDCs may inhibit enzymes involved in 
steroidogenesis, leading to the reduction of hormone synthesis (Fig. 13.1). Since 
synthesis of steroids is highly dependent on cholesterol and lipids, it would be 
expectable that any dysregulation in the homeostasis of these components may 
compromise the synthesis of steroids hormones. Indeed, 2,4- 
dichlorophenoxyacetic acid (2,4-D), a worldwide used pesticide, downregulated 
the expression of 3-hydroxy-3-methylglutaryl coenzyme A synthase (HMG-CoA 
synthase) and reductase (HMG-CoA reductase) in Leydig cells of mice [38]. 
These enzymes are pivotal for cholesterol synthesis, where HMG-CoA synthase is 
responsible for the condensation of acetyl-CoA with acetoacetyl-CoA to form 
HMG-CoA, which is reduced to mevalonate for the synthesis of cholesterol. 


Importantly, the synthesis of mevalonate is the commitment step in cholesterol 
formation and the enzyme catalyzing this irreversible step is HMG-CoA 
reductase, an important control point in cholesterol biosynthesis. Exposure to 2,4- 


Environmental Cues and Sperm Quality Andrology: Current and Future Developments, Vol. 1 365 


D disrupted the expression of these genes impairing the synthesis of cholesterol, 
the main precursor of sexual steroid hormones, which therefore disturb T 
synthesis. Once synthesized, cholesterol is then carried from outer mitochondrial 
membrane by steroid acute regulatory protein (StAR), where it is converted to 
pregnenolone via P450 side chain cleavage enzyme (P450scc). This intermediate 
metabolite is transported to the smooth endoplasmic reticulum where 3f- 
hydroxysteroid dehydrogenase (3B-HSD) will convert it into progesterone. 
Afterwards, P450c17 converts progesterone in 17-hydroxyprogesterone and in 
androstenedione, which is converted to T by 17B-hydroxysteroid dehydrogenase. 


~ 

Leydig cell function Sertoli cell function 
IMPAIRED DISRUPTED 

STEROIDOGENESIS 1 SPERMATOGENESIS 


Production of ROS 


{ 
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en ae 
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4-HNE Cytosine methylation 
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} Sperm Motility 
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Fig. (13.1). Effects of environmental chemicals in male reproductive health. The increased storage of 
environmental chemicals impairs testicular function by disrupting both steroidogenesis and spermatogenesis, 
which depend of Leydig cells and Sertoli cells, respectively. Furthermore, environmental chemicals also 
impair male reproductive potential by declining sperm reproductive parameters, due to increased oxidative 
stress. Abbreviations: 4HNE: 4-hydroxynonenal; 8OHdG: 8-hydroxydeoxyguanosine; MDA: 
malondialdehyde; Up arrows (grey): increased; Down arrows (grey): decreased. 
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The exposure to di(n-butyl)phthalate decreased the expression of cholesterol 
transport genes such as the high-density lipoprotein receptor, also known as SRB1 
and StAR [39]. Furthermore, the expression of genes involved in T biosynthesis, 
namely P450scc, 3B-HSD and P450c17 was downregulated, which probably 
contributed to the lower T levels [40]. In line with this, Bis(2-ethylhexyl) 
phthalate (DEHP) also exerts anti-androgenic action by directly inhibiting T 
synthesis in Leydig cells, probably inducing dysfunction in CYP17 [41]. 


Moreover, its metabolite mono-(2-ethylhexyl) phthalate (MEHP) inhibited all 
expression of steroidogenic enzymes, as well as all T precursors, in both the A4 
and A5 steroidogenic pathways, leading to a deficient T synthesis [41]. Besides, a 
continuous exposure to 200 mg/kg/day of BPA during 6 weeks, not only reveal 
the same effects, but also reduced the number of Leydig cells, highlighting the 
possible cytotoxic effects of this environmental contaminant in testicular function 
[42]. Likewise, a recent study showed that oral administration of 2 ug/kg of BPA 
for 14 consecutive days to adult rats decreased the expression of steroidogenic 
enzymes, thus leading to a deficient T synthesis [43]. 


An in utero exposure to linuron, an urea-based herbicide, reveals to affect fetal 
testis gene expression and to reduce T production in adult male rat offspring [44]. 
Curiously, unlike phthalate esters that reduce T production, linuron did not affect 
the expression of steroidogenic genes [44]. Linuron seems to bind to the androgen 
receptor but, interestingly, the set of malformations displayed after an in utero 
exposure to this compound [45] differs from other androgen receptor antagonists 
[46]. Thus, it is suggested that decreased T production induced by linorun may be 
due to an alternative mechanism in the absence of cytotoxicity. Linuron is also 
causally related to changes in sex differentiation of the male reproductive tract 
[47], which allow to hypothesize that the inhibition of T synthesis along with 
androgen receptor antagonism may contribute to impact the androgen signaling 
pathway. 


Alterations in sex differentiation were also found after an exposure to vinclozolin, 
a fungicide with anti-androgenic properties as well [48]. Indeed, female-like 
anogenital distance at birth, retained nipples, undescended testes, and small sex 
accessory glands were associated to an in utero vinclozolin exposure in male rat 
offspring [48]. The anti-androgen effects of vinclozolin were already related to 
increased levels of LH and T [49] and to inhibited DHT-induced transcriptional 
activation, through a blockage of the androgen receptor-bind to androgen response 
elements in DNA [50]. 


Sertoli Cells 


Typically known as “nurse cells”, Sertoli cells present an important role in male 
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reproductive function, since the glycolytic pathway that occurs in these cells is 
crucial for the development of the germ cell line. Notably, this mechanism is 
under strict control of hormonal and/or endogenous factors (Table 13.1) [51, 52]. 
Sertoli cells are well-known targets for numerous toxic substances, thus being 
highly susceptible to alterations that may arrest spermatogenesis and compromise 
male fertility [53]. It has been reported that adult rats exposed to BPA reveal a 
blockage in glucose movement in Sertoli cells glycolytic metabolism, by binding 
to the intracellular transporters in the pore region and an impairment of insulin 
signaling [54]. BPA also decreases testicular insulin signaling molecules, 
particularly insulin receptor substrate 1, insulin receptor substrate 2 and 
phosphatidylinositol 3 kinase (PI3K) [54]. Since PI3K is involved in the control 
of glucose uptake, namely in the translocation of glucose transporter 1 (GLUT1) 
to cell surface [55], this leads to major alterations on the glycolytic flux of Sertoli 
cells. In normal conditions, glucose enters in Sertoli cells and is readily converted 
to pyruvate through the glycolytic pathway, where phosphofructokinase 1 (PFK1) 
is the first rate-limiting step [56]. The majority of this cytosolic pyruvate will be 
converted to lactate by the action of lactate dehydrogenase (LDH), with a part 
being also converted to alanine. Previous reports showed that plasmatic 
concentrations detected in men exposed to 2,4-D are enough to decrease not only 
the intracellular levels of glucose but also the transcript levels of glucose 
transporter 3 (GLUT3), PFK1 and LDH [57]. Similarly, lactate, alanine and 
monocarboxylate transporter 4 (MCT4), the transporter through which lactate is 
exported to the luminal fluid to be used as a metabolic fuel by the developing 
germ cells, were decreased as well. In addition to compromise the intracellular 
levels of lactate, the exposure to these doses of 2,4-D also reduced the 
lactate/alanine ratio, which is an indicator of a reduced cytosolic state, and thus 
hamper the glycolytic metabolism of rat Sertoli cells [57, 58]. The decrease on 
PI3K also downregulates the stimulation of lactate production and LDH activity, 
illustrating the impact of PI3K/Protein kinase B signaling pathway in Sertoli cells 
metabolism [55]. Besides, these changes are also closely related with the 
apoptotic process [59], suggesting that these metabolic alterations may lead to 
abnormal apoptosis in Sertoli cells and thus induce problems on spermatogenesis 
and male fertility. 


Table 13.1. Summary the main environmental compounds and their proposed effects in both glucose 
and lipid metabolism and their toxic effects in reproductive system. 


Environmental Ciscoe Metapolism Lipid Metabolism Effects | Reproductive Toxic Effects 
Contaminant Effects 


ĻGLUT3, PFK1 and 
LDH mRNA, 
{Lactate production 
[57] 


TMDA, fLDL/HDL index, |  Spermatogenic disorders, 
ĮPUFAs ratio, TLipid Sterility [72], Delayed 
peroxidation [71] preputial separation [73] 
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Environmëntal. || Chycoly te Metapolism Lipid Metabolism Effects | Reproductive Toxic Effects 
Contaminant Effects 
JIRS-1, |GLUT2 [54] | tACC and FAS mRNA, | |Sperm count and motility [76], 
HEX, | PFK [74] TLPL [75] Erectile dysfunction [77] 
t Lipid peroxidation, 
cme | pn ion? |p 
14-HNE [79] perm Moty anggo 
LDH activity [80 Lipid d tion [81] Penis morphological 
T activity [80] Lipid deposition [ abnormalities [81] 
TMCAD mRNA, |MDA, {Sperm counts, TSperm 
ĮGlucose uptake [82] +GSH [13] motility, LCs hyperplasia [80] 


t Lipid peroxidation, {CAT 
activity, TGSH, |SOD 
activity [83] 


tLactate production 
[83] 


{Semen volume, |Sperm 
concentration and viability [67] 


{Fatty acids, tFatty acid 


ne ne 
i ee aa a genes 


{Sperm quality and integrity, 
{Reproductive hormones [86] 


?Glycolysis, |Insulin | |Free = acids, THDL, TSperm motility and viability 
secretion [87] {Triglycerides [88] [89] 


? Pyruvate production, 
{Lactate production 
[90] 


| G6P, age {GLUT1 {Lipid accumulation [94] tApoptotic germ cells, |T 
P production [95] 


Legend: Abbreviations: 2,4-D, = iain 4-HNE, 4-hydroxy-2-nonanal; ACC, Acetyl CoA 
carboxylase; BPA, Bisphenol A; CAT, chloramphenicol acetyltransferase; CPYF, chlorpyrifos; DES, 
diethylstilbestrol; F6P, fructose 6-phosphate; FAS, fatty acid synthase; G6P, glucose 6-phosphate; GES, 
genistein; GLUT1, glucose transporter 1; GLUT2, glucose transporter 2; GLUT3, glucose transporter 3; 
GSH, glutathione; HDL, high-density lipoprotein; HEX, hexokinase; IRS-1, insulin receptor substrate 1; 
LCAD, long-chain acyl-CoA dehydrogenase; LCs, Leydig cells; LDH, lactate dehydrogenase; LPL, 
lipoprotein lipase; MCAD, medium-chain acyl-CoA dehydrogenase; MDA, malondialdehyde; PCBs, 
polychlorinated biphenyls; PFK, phosphofructokinase; PFK1, phosphofructokinase 1; PIO, pioglitazone; 
PTLs, phthalates; PUFAS, polyunsaturated fatty acids; SOD, superoxide dismutase; T, testosterone; TBT, 
tributyltin; TP-beta, 3-ketoacyl-CoA thiolase. 


Germ Cells 


JACC, Eo ÎTP-beta | Affected male maturity, | Sperm 
motility and concentration [92] 


Compelling evidence shows that the toxicity of the environmental contaminants 
induces several dysfunctions associated with the testicular dysgenesis syndrome, 
including seminiferous tubules atrophy and germ cell degeneration [60]. 
Furthermore, lipids are essential components of the membranes of germ cells. A 
deficient lipid incorporation into these cells leads to a deficient germ cell structure 
and contributes to the impairment of sperm parameters and consequently to 
alterations of sperm functionality. 
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The oral administration of TBT has also been associated with induced apoptosis 
in testicular germ cells in prepubertal mice [22]. In other study, activation of 
caspase-3 and phosphorylation of c-Jun N-terminal kinase and mitogen-activated 
protein kinase p-38 in germ cells was also associated to an exposure of TBT [61]. 
These works did not explore the molecular mechanisms by which germ cell 
apoptosis was induced, but it seems that environmental contaminants activate both 
intrinsic and extrinsic pathways of apoptosis. Interestingly, germ cells are also 
targeted by diethylstilbestrol (DES), since apoptosis of spermatogenic cells was 
also reported in prenatal and/or neonatal mice exposed to this compound from 
gestational day 12 to postnatal day 20 [62]. 


In healthy individuals, germ cells present high levels of polyunsaturated fatty 
acids (PUFAs), which are crucial to their membrane fluidity and flexibility and 
thus for fertilization. Since these cells are, however, unable to synthesize PUFAs, 
they take these fatty acids from Sertoli cells and incorporate them into 
phospholipids, via lysophosphatidic acid acyltransferase 3 [63]. Several data had 
already suggested that the current dietary habits, particularly the excessive 
consumption of high-energy diets (HEDs) with high content in saturated fats and 
trans fatty acids, decreases A5 and A6 desaturases activity [64]. In fact, it was 
proposed that the limitation of PUFAs incorporation in membranes of germ cells 
adversely affects testicular lipid metabolism and thus contributes to impaired 
production of spermatozoa [65]. 


Spermatozoa as a Target for Environmental Chemicals 


The development of germ cells into spermatozoa is also a pathway of great 
relevance for a proper fertility, which is easily targeted by environmental 
contaminants as well. As aforementioned, diet is one of the main routes by which 
humans are exposed to environmental contaminants because they are present in 
foods, even in a very small percentage. A recent study showed that men who 
consumed fruits and vegetables rich in pesticide residues presented 49% lower 
sperm count and 32% lower normal sperm than men who had not been exposed to 
the same substances [66]. Recent studies also showed that men chronically 
exposed to lead exhibited decreased semen volume, concentration, morphology 
and viability of spermatozoa [67]. Similarly, men who consumed fruits and 
vegetables rich in pesticide residues presented 49% lower sperm count and 32% 
lower normal sperm than men who had not been exposed to the same substances 
[66]. In molecular terms, recent data suggests that the anti-androgenic effects of 
DEHP may cause reactive oxygen species (ROS) production, lipid peroxidation 
and apoptosis of spermatocytes [68]. The production of these ROS is related with 
Ca™ mediated activation of the nicotinamide adenine dinucleotide phosphate 
(NADPH) complex, which may correlate with DEHP-induced Ca’ entry. 
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Similarly, BPA can induce oxidative stress in fish spermatozoa in vitro, which 
results in decreased spermatozoa motility and velocity [69]. BPA also induce 
DNA damage in human spermatozoa, with a direct relationship between urinary 
concentrations of the compound and increased single-strand breaks DNA damage 
of spermatozoa (Fig. 13.1) [70]. There is a need for further evaluation concerning 
the properties of these contaminants and their reproductive toxicity to establish 
safety thresholds and protocols. This might be important to confirm which of 
environmental contaminants are contributing to current the decline of male 
fertility. 


ENDOCRINE DISRUPTORS AND OBESOGENS 


Excess of release of environmental contaminants due to agricultural and industrial 
activities has been concurrent with infertility rates [96]. Moreover, there is a 
cumulative noxious effect on human health resultant from the inevitable contact 
with these compounds. In addition, their effect as EDCs is intimately associated 
with several neurodegenerative disease [97] and obesity [98]. Since obesity 
epidemic occurred very quickly, it was suggested that it cannot be explained only 
by lifestyle habits, but also by environmental cues, more than genetic factors, that 
are possibly exacerbating or even being the main cause for the development of the 
disease. This rises the hypothesis that some EDCs are able to enhance 
adipogenesis, increasing the complexity of obesity’s etiology and leading to the 
concept of obesogens [99]. 


Obesogens are chemical compounds present either in the environment as in foods, 
which are able to predispose to weight gain by increasing the number of fat cells 
and/or the storage of fat-soluble toxicants into existing fat cells [100], changing 
the amount of stored calories or affecting the biochemical mechanisms by which 
the body regulates satiety and appetite [101]. Previous evidence proposed a dose- 
response relationship between body mass index and infertility, since even subtle 
increases in male weight were suggested to affect fertility [102]. The normal 
reproductive function requires an appropriate nutritional state, thus it is expectable 
that metabolic disturbances promoted by obesogens will affect the reproductive 
potential. Obesogens can be found virtually everywhere, including in HEDs or in 
the surrounding environment. Regarding agricultural and industrial chemicals, 
TBT, for example, arises as the “obesogenic” model, being considered one of the 
most toxic substances ever deliberately introduced into the environment [33] and 
the most abundantly investigated obesogenic compound evidencing effects on 
lipid metabolism. 


Lipid metabolism was the first to be evidenced as primarily affected by obesogens 
and thus associated with the promotion of adipogenesis and obesity [103]. 
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Environmental contaminants can interact with the peroxisome proliferator- 
activated receptors (PPARs), particularly the peroxisome proliferator-activated 
receptor y (PPARy) that governs lipid metabolism, adipocyte function and 
differentiation [104]. Thus, PPARs, and mainly PPARy, are master regulators of 
adipogenesis [103]. In order to respond to peroxisome proliferators, PPARs need 
to co-operate with another member of the steroid hormone receptor family, the 
retinoid X receptor (RXR) [105]. Indeed, TBT was suggested to be a RXR- 
PPARy agonist, since it promotes adipogenic gene expression, adipocyte 
differentiation and lipid accumulation in preadipocytes [106]. The activation of 
RXR-PPARy signaling by TBT represents an example of an obesogen capable of 
impact both lipid and glycolytic metabolism, with long-term metabolic effects 
[103]. Indeed, it was shown that, in addition to promote lipid accumulation, TBT 
also increased adipocyte glucose uptake in preadipocytes, promoting glycolysis 
[94]. 


There are, however, several options through which environmental contaminants 
may promote obesity through PPARy. A ligand is usually needed in order to allow 
this receptor to bind co-activators, release co-repressors, decondensate the 
chromatin and activate transcription [101]. Nevertheless, post-translational 
modifications, such as phosphorylations, may activate PPARy in the absence of a 
ligand as well [107]. Additionally, obesogens may also induce the production of 
multipotent stromal cells, which predominantly differentiate into adipose tissue 
that express PPARy [101]. 


Other environmental contaminants had already revealed an obesogenic action, 
namely BPA, a chemical present in plastics that predisposes murine preadipocytes 
differentiation, not acting only on nuclear estrogen receptors [108], but also via 
cell membrane associated estrogen receptors in a nongenomic manner [109]. This 
action directly modulates insulin dependent PI3K/AKT kinase pathway and 
enhances glucose uptake [110]. Similarly, metabolites of the potent PPARa 
agonist DEHP, such as MEHP, also activate PPARy, promoting the differentiation 
of preadipocytes and subsequent lipid accumulation and thus providing a 
suggested obesogenic response [111, 112]. 


The pharmacological route can also be pointed out regarding the exposure to 
obesogens, for example, through the use of antidiabetic drugs. Thiazolidinediones 
(TZDs) belong to the class of oral antidiabetic drugs that improve insulin 
sensitivity. These drugs exert their antidiabetic effects through a mechanism 
involving the activation of PPARy and had been already associated with a 
persistent weight gain [89, 113]. Pioglitazone, the main thiazolidinedione, is a 
potent PPARy agonist, modulating its activity [104]. The activation of this 
heterodimer promotes insulin-stimulated uptake of glucose in peripheral tissues as 
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well as insulin sensitivity in adipose tissue [114]. Still, it seems that pioglitazone 
exerts positive effects in male reproductive health. Recent data evidenced that 
pioglitazone improved sperm motility and morphology in diabetic rats [115, 116]. 


Other environmental contaminants, such as the heavy metals lead and cadmium 
and some phytoestrogens, also exhibit obesogenic effects, however one should 
note that the effects vary with the time of the exposure and that compounds 
present also a non-monotonic dose-response, with results for higher doses often 
being opposite from what was observed for lower doses. Genistein for example, 
and in contrast to its effects in adults [117], may produce obesogenic effects in 
animals exposed at critical periods of development. Interestingly, mice exposed to 
lower doses of phytoestrogen during gestation and lactation present a lower birth 
weight, but develop obesity, high leptin and E2 levels, and impaired glucose 
responses [118]. A couple of studies also proposed that obesogens affect testicular 
metabolism, which is highly dependent on glucose [54, 57, 90]. However, it 
becomes necessary to deepen the knowledge on how these compounds may affect 
testicular metabolism, since disruption of the cooperation between testicular cells 
can lead to an arrest of spermatogenesis, and therefore compromise male fertility. 
Furthermore, some data suggested that harmful lipophilic compounds that 
accumulate in the fat of expecting mothers can be delivered to the fetus [119]. 
Similarly, it seems that some of these compounds are appearing in human breast 
milk, thus probably transferring their effects to children who are breastfed [120]. 
These evidence must serve as an alarming signal that even early in utero 
developmental events might be affected by environmental contaminants, which 
can influence testicular development and the quality of spermatozoa in the adult 
offspring and thus determine the reproductive health of individuals for the rest of 
their lives. 


EPIGENETIC CHANGES IN GERM CELLS 


The permanent exposure to environmental chemicals may induce modifications in 
the genome without altering the DNA sequence (known as epigenetic 
modifications). In molecular terms, epigenetics refers to a range of mechanisms, 
such as DNA methylation, histone and long non-coding RNAs modifications, 
remodeling of nucleosomes and higher order chromatin reorganization, that define 
cellular identity by regulating gene expression [121]. This is of great 
physiological relevance, since germ cells act as “vehicles” in the transmission of 
genetic information to the next generation. Besides constituting a unique profile in 
each cell, epigenetics also ensures that daughter cells have the same phenotype as 
the parental cell, controlling gene function from one generation to the next [121]. 
Indeed, the role of epigenetics varies between somatic and germ cells, as these last 
undergo meiosis, which is of particular importance to maintain genomic integrity 
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[122]. The epigenetic programming of germline arises during early embryonic 
development, particularly at the migration of primordial germ cells in the embryo 
[123]. After determination of gonadal sex being initiated, the primordial germ 
cells remethylate DNA and develop the germ cell lineage in a gender-specific 
manner [123]. During the period of gonadal sex determination, which occurs 
between 12" and 15" days of embryonic development [124], the fetal testes starts 
expressing steroid receptors, which become potential targets for external 
compounds with endocrine activity [125]. Thus, EDCs acting inappropriately at 
the time of gonadal sex determination potentially could reprogram germ line 
through DNA methylation, an epigenetic mechanism, to cause the 
transgenerational transmission of an altered phenotype or genetic characteristic 
[126]. Because of the possible time span between the occurrence of the exposure 
to the contaminants and the detectable impacts in offspring (mainly at their 
adulthood), animal models have been very helpful to study those mechanisms. 
Data from animal studies supported that such exposure may affect the male 
reproductive function of offspring, determining the success of fertility. 


Two different studies showed that exposure to vinclozolin or methoxyclor during 
the remethylation programming of the germ line in rats, induced aberrant sexual 
differentiation, gonad formation, and reproductive functions of the following 
generation [127, 128]. Interestingly, increased spermatogenic cell apoptosis and 
reduced number and motility of spermatozoa in the same conditions had already 
been noticed until the fourth filial (F4) generation [124]. This transmission of the 
exposure—induced phenotype in a transgenerational manner suggests an epigenetic 
alteration in DNA methylation pattern of the male germ line, namely an 
epigenetic mechanism involving reprogramming of the germ line. Similarly, 
exposure of rats to the anti-androgenic fungicide vinclozolin at the time of 
gonadal sex development originated male offspring with testicular abnormalities 
and reduced spermatogenic capacity, which persisted in male offspring until the 
F4 generation [129]. It has been suggested that these transgenerational effects 
were caused by epigenetic changes, involving the abnormal regulation of DNA 
(cytosine-5)-methyltransferase 3 alpha (DNMT3A) and DNA (cytosine-5- 
-methyltransferase 3-like (DNMT3L), methyltransferases required for methylation 
of most imprinted loci in germ cells [130]. Thus, male fertility problems were 
suggested to be caused by a change in genome-wide methylation and, 
consequently, in gene expression. In accordance, it was shown that individuals 
with oligospermia reveal an increased frequency of defective methylation 
compared with normospermic males, suggesting that spermatozoa from men with 
fertility problems may carry a higher risk of transmitting incorrect primary 
imprints to their offspring [131]. Deleterious effects on male fertility not limited 
to the generation directly exposed to environmental contaminants were also 
confirmed by maternal rat exposure to BPA, which modified methylation of the 
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metastable loci Avy and CapbIAP [132]. Interestingly, this effect on DNA 
methylation was avoided by maternal dietary supplementation with a source of 
methyl groups such as the phytoestrogen genistein, also a proven endocrine 
disruptor [132]. As regarding phthalates, namely DEHP, it was reported that when 
given to outbred mice between 7-14 days of embryonic development, reduced 
both counts and motility of spermatozoa in male offspring beyond F3 generation 
[133]. Accordingly, it was suggested that DNA methylation was the potential 
epigenetic mechanism underlying these alterations, since 16 differentially 
methylated and expressed genes were identified in newborn pups. Thus, this 
group of genes is suggested to hold clues on how DEHP transgenerationally acts. 
On the other hand, some studies in humans were already performed in the field of 
the environmental influence in epigenetics as well. DES, which has been 
associated decades ago to the presence of hypospadias in human males exposed in 
utero [134] or whose mothers had been exposed in utero [135], was also reported 
among unexposed grandsons of women who had been exposed in utero [136]. The 
exposure occurred during the development of reproductive system in primordial 
germ cells of the fetuses, being subsequently transmitted across generations to 
affected sons and grandsons [136]. The suggested mechanism to sustain these 
results is not well understood at molecular level, but relies on an epigenetic 
alteration in the androgen receptor gene. 


Besides DNA methylation, the role of histone modifications is also of major 
importance in epigenetics, since the establishment of embryo constitutive 
heterochromatin may be defined by the placement of histone modifications in 
sperm [137]. Indeed, histone modifications have been shown to be pivotal in 
changing chromatin structure and, therefore, DNA accessibility [138], being able 
to regulate gene expression, chromatin remodeling, cell survival and cell death 
[138]. Histone modifications include methylation, acetylation, phosphorylation, 
ubiquitination, ribosylation, and sumoylation, which can be easily induced and 
removed by a wide range of enzymes [138]. The functional effects of these 
modifications depend both on the modified amino acid and on the specific 
covalently attached group [139]. Acetylation patterns may direct histone assembly 
and help regulate the unfolding and activate gene expression, while a methylation 
tights DNA and restricts its access to the transcription machinery [139]. It has 
been suggested that two xenobiotics, valproic acid, a commonly prescribed 
anticonvulsant and mood stabilizer [140], and methoxyacetic acid, a solvent 
usually used in paints, dyes and fuel additives, can exert wide effects on DNA by 
inhibiting histone deacetylases [141]. Additionally, paternal dietary folate seems 
also to improve offspring’s susceptibility to birth defects through changes in 
histone methylation [142]. Interestingly, it has been observed that fathers fed with 
a high-fat diet evidenced changes in sperm histone composition, although DNA 
methylation of several imprinted loci appears to remain static [143]. These 
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findings suggest that individuals who are exposed to these contaminants are more 
likely to experience histone modifications, which represent a relevant pathway 
into the ‘hidden’ programming of endocrine disruption to offspring. 


Long non-coding RNAs (IncRNAs) modifications are another epigenetic-related 
mechanisms that can be pointed out as an effect of the exposure to environmental 
contaminants. The role of IncRNAs in epigenetic processes has been more 
recently highlighted and several data have suggested that IncRNAs are involved in 
the cellular stress response [144]. LncRNAs are defined as transcribed RNA 
molecules greater than 200 nucleotides in length with little or no protein-coding 
competence. It is known that IncRNAs regulate gene expression although the 
mechanisms need to be fully clarified [145, 146]. A few works have showed that 
IncRNAs control gene regulation at every level including transcriptional gene 
silencing via DNA methylation and regulation of the chromatin structure [146, 
147]. So in this context, it is likely that IncRNAs drive important exposure- 
disease associations and may also function as biomarkers of environmental 
exposure. Studies have reported an increased transcription of telomeric repeat- 
containing RNA and satellite sequences (Sat HI) in humans, following 
physiological stress induced by heat or ethanol [148, 149]. Furthermore it has 
been showed that long non-coding transcripts resultant from highly repetitive 
sequences are overexpressed after exposure to BPA and cadmium [150]. A drastic 
and sudden activation of telomeric non-coding RNA and an increased 
transcription of Cla sequences that are mainly located in the centromeric regions 
were evidenced after an exposure to both compounds [150]. Although Cla 
sequences are dispersed in the genome and other chromosomal regions, the 
centromeres appeared highly labelled for DNA/RNA hybrids after exposures to 
BPA and cadmium, which suggest a preferential effect of these chemicals in the 
centromere. Interestingly, this appears to be a toxicant-specific response and not a 
generic one, since the exposure to benzyl butyl phthalate did not affect the 
transcription of these sequences [150]. 


Overall, these results strongly suggest a link between specific stressors and altered 
long non-coding RNA expression. The upregulation of telomeric RNA and RNA 
from centromeric Cla sequences may reflect a cellular adaptation to the effects 
induced by BPA and cadmium. This may indicate that IncRNAs have a regulatory 
transcriptional role, as suggested for other similar RNAs such as telomeric repeat- 
containing RNA and Sat III [148, 149]. Likewise, satellite DNA transcription 
appears also to be regulated by environmental cues such as temperature [151]. In 
addition to these observations, IncRNAs and piwi-interacting RNAs (piRNAs) 
seem to be involved in mechanisms of histone modification. IncRNAs recruit 
modifying enzymes to specific genomic loci that are able to change the chromatin 
state. Indeed, it has been observed that IncRNAs and piRNAs in the landscape of 


376 Andrology: Current and Future Developments, Vol. 1 Cardoso and Rato 


epigenetic modifications of chromatin state and histone codes is the production of 
piRNAs by the IncRNAs that induce up-regulation of the tumor necrosis factor- 
related apoptosis-inducing ligand protein via H3K4/H3K27 methylation/ 
demethylation [152]. 


Since the knowledge of the biological functions of IncRNAs is increasing, it is 
important to analyse their response to a wider spectrum of contaminants. This is 
pivotal not only to identify the potential inducers that may help to explain the 
underlying mechanism of action of many toxicants, but also the functional role of 
IncRNAs in the toxic response of eukaryotic cells. 


Although some mechanisms of toxicity and responses to certain environmental 
chemicals remains to be completely elucidated, there is consistent data which 
allow to link epigenetic changes both in experimental and epidemiological studies 
to an environmental contamination and subsequent effects in spermatozoa quality. 
Because these epigenetic changes are small, potentially cumulative, and they may 
develop over time, it may be difficult to establish concrete cause-effect 
relationships among environmental contaminants, epigenetic changes and diseases 
etiology. However, knowing the relevance of the transgenerational epigenetic 
inheritance to many human diseases will certainly become an exciting area, for 
which research on germ cells is particularly important. 


CONCLUDING REMARKS 


There is an intense debate concerning the contribution of environmental cues to 
spermatozoa quality. Several studies concerning this topic reveal a negative 
impact of external compounds in the reproductive function of individuals exposed 
from a very early age (even in prenatal period), not only through indirect effects 
mediated by changes in hormonal levels and HPT axis, but also by direct changes 
in testicular cells. Such effects may compromise the spermatogenic event and 
end-up in impairment of the molecular composition of spermatozoa, quality and 
function. Definitive conclusions on how each compound affects the molecular and 
cellular mechanisms involved in the production and function of spermatozoa are, 
however, very hard to establish. First, when exposure occurs it is often through a 
combined mixture of environmental chemicals and not due to a single compound. 
Besides, sometimes there is also a long latency period between the exposure and 
the noticed effects, which further hampers the association to a specific agent. 


Recent studies started to examine the relationship between the exposure to 
environmental contaminants and epigenetics, and identified several toxicants that 
modify epigenetic marks, particularly regarding DNA methylation. This field 
reveals a huge potential for a precocious disease diagnosis, since future research 
may allow to predict which contaminants would put exposed individuals at risk, 
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which individuals will be more susceptible to develop disease and whether such 
epigenetic alterations increase the risk of disease. 


Since we are permanently exposed to environmental contaminants that may 
induce a myriad of effects that persist through the generations, this topic will 
certainly become a hot research topic for those who are interested in 
environmental toxicology and male fertility. The effect of environmental cues in 
the quality of spermatozoa raises new questions concerning to where human 
evolution is heading. We are all combinations of what we inherit and what we are 
exposed to during our fetal and adult lives. 


Box 13.1 | Summary 


e HPT axis, Leydig cells, Sertoli cells and spermatogenesis 
constitute important molecular targets of environmental 
contaminants. 

e Environmental chemicals affect male reproductive function by 
acting as EDCs interfering with the regulation of endogenous 
hormones. 

e Some EDCs are also able to enhance adipogenesis, being defined 
as “obesogens”. 

e Environmental contaminants induce epigenetic changes in germ 
cells mainly DNA methylation, and cause the transmission of an 
altered phenotype or genetic characteristics. 
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Abstract: Late-onset hypogonadism (LOH) is a situation where a middle-aged or older 
man has low serum testosterone in conjunction with diffuse symptoms resembling 
those of genuine male hypogonadism. Testosterone replacement therapy has become a 
popular choice for the treatment of LOH. Aging is a process that includes irreversible 
changes because of a large variety of endogenous and environmental factors. Paternal 
aging also causes genetic and epigenetic changes in spermatozoa that damage male 
reproductive functions through adverse effects on sperm quality and count, as well as 
on sexual organs and also on the hypothalamic-pituitary testicular axis. If on one hand, 
hormone production, spermatogenesis, and testes undergo changes as a man ages, on 
the other hand, the offspring of older fathers show high prevalence of genetic 
abnormalities, childhood cancers, and several disorders. Information on the impact of 
age on male fertility is of growing importance, therefore, further studies should 
investigate the onset of changes in the reproductive function and its effects on aging 
men. The aim of this chapter is to briefly discuss the effects of aging on the male 
reproductive system and function. 


Keywords: Aging, Epigenetics, Infertility, Late-onset hypogonadism, Male 
fertility, Oxidative stress, Paternal age, Replacement therapy, Semen parameters, 
Spermatogenesis, Spermatozoa, Testes, Testosterone. 


INTRODUCTION 


Aging of males exerts effects on reproductive organs and tissues and such 
changes seem to evolve progressively without a well-marked threshold of age. 
Among those alterations are the testicular changes that are most often 
accompanied by variations on the levels of reproductive hormones [l, 2]. In 
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menopausal women, the cessation of ovarian function is due to the inevitable 
decline and final exhaustion of the oocyte pool, paralleled by increase in the 
levels of follicle-stimulating hormone (FSH). However, in males, spermatogenesis 
continues throughout life [2]. As they age, men experience a gradual and 
progressive decline in reproductive function when compared to women. Also, in 
contrast to menopause, which is universal and a well characterized timed process 
related with absolute gonadal failure, this condition in men is characterized by 
insidious beginning and slow progression [3]. This variability is a trait of male 
reproductive system aging and of the general male aging process. As reported in 
several recent studies, androgens play an important role within the development 
and maintenance of male reproductive and sexual functions. Diminished levels of 
circulating androgens lead to innate abnormalities of the male reproductive tract. 
Indeed, testosterone levels decrease as age advances. The symptoms caused by 
this decline can be regarded as a normal part of aging. At more advanced age, this 
is reported to be associated with reduced fertility, sexual disorders, decreased 
muscle formation and bone mineralization, disturbances of metabolism, and 
psychological feature dysfunction. Moreover, low testosterone levels are also 
related to many chronic diseases, and symptomatic patients could benefit from 
testosterone treatment [4] though this remains a matter of intense debate. Though 
the biochemical changes induced by aging in the male reproductive tract remain 
largely unknown, we will briefly discuss the mechanisms known so far. 


IMPACT OF AGING ON TESTICULAR ANATOMY AND PHYSIOLOGY 


Generally, as men grow older, they retain their fertility though some changes may 
occur. Indeed, they develop certain physiological changes affecting the endocrine 
system and testicular function (Fig. 14.1). Notwithstanding individual variations, 
alterations in testicular morphology are one of the several effects of aging on the 
reproductive system of males. Testicular function declines with advancing age, 
but this reduction has a magnitude similar as that of other body organs [5 - 7]. 
Still, the decreased efficiency in testicular function has been the subject of a great 
number of studies, which evidenced the relationship between testicular function 
and age [8 - 12]. During aging there is a thickening of the basal membrane of the 
seminiferous tubules, accompanied with a reduction in both the height of the 
seminiferous epithelium and in the vascularization of the testes [13, 14], which 
are associated with testicular hernia-like protrusions [15]. Sertoli cells and germ 
cells represent up to 90% of the testicular volume, while Leydig cells contribute 
to less than 1%. Aging leads to a reduction in the number of Sertoli cells and 
Leydig cells [2, 16] which could results in a decrease of testicular volume [1]. In 
fact, a negative association between increasing age and reduction in testicular 
volume for men over 80 years was already established [17]. In general, the 
observed mean testicular volume between 20 and 30 years of age is 16.5 cm’ and 
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the maximal testis volume is observed at 25 years of age, after which there is a 
slight but significant decline to a mean volume of 14 cm’ between 80 and 90 years 
of age [18]. Compared to the age group 18-40 years, men aged over 75 years have 
a 31% smaller mean testicular volume. This variation in the testes volume is 
related with higher average serum levels of gonadotropins and lower serum free 
testosterone [1]. Age-related increment in gonadotropins is mostly due to primary 
testicular failure. The aforementioned decrease in Leydig cells number is reflected 
in the observation that older men display a diminished secretory capacity 
compared with younger men when testes are stimulated with human chorionic 
gonadotropin or via pulsatile GnRH [19]. In fact, the testicular volume decrease in 
older men showed strong direct correlation with serum levels of inhibin B and 
inhibin B/FSH ratio, and indirect correlation with FSH [1] and on LH levels [1, 
6]. Serum gonadotropins levels increase due to feedback mechanisms that cause 
increased secretion of gonadotropins [20, 21]. In fact, testicular androgen 
metabolism increases between the 11" and 40" year of age and progressively 
decreases between the age of 40 and 90 [8, 9]. 


ENDOCRINE DYSFUNCTION IN THE AGING MALE 


Aging is related to important alterations in the control of the hormonal axis that 
regulate male fertility [22]. The hypothalamic-pituitary-testicular (HPT) axis is 
the key regulator of the male reproductive function and controls the synthesis of 
sex hormones and the formation and maturation of male germ cells. As referred in 
previous chapters, it is constituted by three major elements, including the 
hypothalamus, anterior pituitary, and the testes. In this axis, gonadotropin- 
releasing hormone (GnRH) secreted from the hypothalamus reaches the anterior 
pituitary gland via the hypophyseal portal system and stimulates the secretion of 
luteinizing hormone (LH) and follicle-stimulating hormone (FSH), by the 
gonadotropic cells, into the bloodstream. In broad terms, LH induces the 
production of testosterone by the Leydig cells, while FSH stimulates Sertoli cells 
to secrete androgen-binding protein (ABP) and inhibin and plays a vital role in 
spermatogenesis [23]. 


Independent from primary, events that affect the hypothalamic-pituitary axis have 
a major outcome on the reproductive tract and the reproductive potential of the 
aging male. Aging causes a decrease in the secretion of GnRH, which in turn 
leads to smaller LH pulses. In older men, there is an impairment on the response 
of gonadotropic cells to exogenous GnRH, a decrease of LH pulse size and/or 
reduction of LH bioactivity [23, 24]. Moreover, it has been reported that serum 
FSH levels rise more pronouncedly in men after 40 years of age, reflecting a 
progressive tenacity of the gonadotropic support to the germinal epithelium [25 - 
27]. This increase in FSH is concurrent with age-dependent alterations in 
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testicular histology and semen parameters and with the slight but significant 
decrease in inhibin B. Nevertheless this alteration was also described in men with 
apparently normal semen parameters [1, 28]. Furthermore, there is a consensus 
that testicular steroidogenesis decreases with aging [6]. It is well known that 
androgen levels suffer a decrease in men as they age [29]. As referred in previous 
chapters, androgens are key hormones in the male reproductive tract, having a 
major role in the expression of the male phenotype. They have very important 
roles during male sexual differentiation, development and maintenance of 
secondary male characteristics, and also during the initiation and maintenance of 
spermatogenesis [30]. The major circulating androgen in men is testicular 
testosterone [31], which is also the key sex hormone responsible for regulating 
masculinization [32]. Testosterone is also directly involved in the development 
and differentiation of the Wolffian duct derived structures, namely the 
epididymis, vas deferens and seminal vesicles [30, 33], exerting its action by 
binding to and activating the androgen receptor (AR), affecting intracellular 
signals and changing the expression of various genes [34]. Approximately half of 
testosterone is present in the circulation bound to sex hormone-binding globulin 
(SHBG) and another half to albumin, with only 0.5-3% of testosterone being 
unbound or free representing the biologically active fraction [7, 35, 36]. Several 
studies have confirmed the age-related decline of serum testosterone, which is 
accompanied by a marked decrease of the free and bioavailable testosterone 
(larger than that of total testosterone), partly due to the concomitant increase of 
SHBG [6, 37]. A clear decrease in the levels of testosterone precursors 
(progesterone, 17a-hydroxyprogesterone, 17a-hydroxypregnenolone, androstene- 
dione, pregnenolone, dehydroepiandrosterone, androstenediol and dehydroepian- 
drosterone sulfate) was also described in the spermatic vein and testicular tissues 
from older men [38, 39]. With respect to the total testosterone, the decrease 
becomes evident from the age of 45-50 years, however, for the fraction of free 
testosterone, this reduction is more pronounced and earlier when compared to 
total testosterone. 


Testicular secretion of testosterone takes place as a result of the secretion of LH 
by the pituitary, which is stimulated by pulsatile release of GnRH from the 
hypothalamus and then acts on Leydig cells to stimulate testosterone synthesis 
and release [32]. Total serum testosterone levels decrease with age particularly 
due to the decrease in the number of Leydig cells, deterioration of testicular 
perfusion, and disturbance in diurnal rhythm of GnRH and chorionic 
gonadotropin secretion [40 - 42]. Increased LH (primary gonadal failure) or 
inappropriately normal LH (secondary hypogonadism) can also occur in men with 
low testosterone levels, and can be difficult to differentiate from the dysfunction 
associated with aging if there is no evidence of a pathological disruption of the 
HPT axis [32]. In older men, combined forms of primary and secondary 
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hypogonadism are often observed, with a concomitant age-related decline in 
testosterone levels as a consequence from defects both in testicular as well as 
hypothalamic-pituitary function. A large part of these men have serum 
testosterone levels below the lower reference limits in young adults [38, 43 - 45] 
and this decrease tends to be permanent rather than transient [36], being set above 
1% per year in men after the age of 40 [7, 32]. In men between 55 and 68 years of 
age, total testosterone decrease averages 1.4% per year, while free testosterone 
decreases as much as 2.7% (concurrently with an increase of SHBG) [46]. In 
addition, the rate of decline in testosterone levels is also affected by chronic 
disease, such as obesity, illness, serious emotional stress, and medications, and 
this decline can be slow down by management of health and lifestyle factors [3]. 
Still, while this decrease tends to be small in some men, in most it can lead to 
clinical hypogonadism [47], being also associated with diffuse sexual, physical 
and psychological symptoms in some of aging men [7, 29, 31]. 


This condition of general and sexual deterioration in men was firstly described by 
Hellers and Meyers [48], who associated it with the decreased testosterone levels 
and used for the first time the term male menopause to denominate it [36]. Other 
denominations are also used for this condition that includes the combination of 
low testosterone and an array of the above symptoms, such as male menopause or 
climacterium, andropause (which are not adequate as the physiological decline of 
androgen secretion does not stop abruptly, but rather occurs gradually over time), 
partial androgen deficiency of the aging male (PADAM) and late-onset 
hypogonadism (LOH), with this last one being the preferred and most widely used 
[7, 49, 50]. Late-onset hypogonadism, according with a recent definition “is a 
clinical and biochemical syndrome associated with advancing age and 
characterized by symptoms and a deficiency in serum testosterone levels (below 
the young healthy adult male reference range). This condition may result in 
significant detriment in the quality of life and adversely affect the function of 
multiple organ systems” [51]. However, it is worth mentioning that decreased 
testosterone levels alone with diffuse symptoms do not justify the diagnosis of 
LOH neither do sexual symptoms in men with normal testosterone [47]. The 
diagnostic criteria for LOH has been recently defined by The European Male 
Ageing Study (EMAS) and includes the simultaneous presence of reproducibly 
low serum testosterone (total testosterone <11 nmol I"! and free testosterone <220 
pmol |') and three other sexual symptoms (erectile dysfunction, reduced 
frequency of sexual thoughts and morning erections) and is said to affect 2% of 
40 to 80-year-old men [7]. 
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Fig. (14.1). The aging effects in the male reproductive function. As age advances the amount of 
gonadotropin-releasing hormone secreted from the hypothalamus also decrease and this is reflected in lower 
luteinizing hormone pulsatile secretion. As a consequence, there is a decrease in the number of Leydig cells 
and the production of testosterone in hampered, leading to testosterone deficiency. Moreover, the Sertoli cell 
mass also decreases with aging leading to decreased testicular volume and remarkable alterations in testicular 
morphology. Advanced paternal age has been associated with a negative impact on the quality of male germ 
cells and this is attributed mainly due to the aging-induced oxidative stress which impairs several functions of 
the spermatozoa, as is the case of motility and morphology. Apart from those changes that aging induces in 
spermatozoa, other molecular alterations may also occur. Epigenetic changes, mainly DNA methylation, have 
been associated with age-related diseases. These epigenetic modifications may be passed from the father to 
offspring increasing the susceptibility of the next generations for the development of several diseases. Up- 
arrows (grey): increased; Down-arrows (grey): decreased. 


CONTROVERSIES AND TREATMENT OF LATE-ONSET 
HYPOGONADISM 


ear Transgenerational 


inheritance of diseases 


Several studies have associated low levels of testosterone with increased 
mortality, which shows that LOH has a serious impact on health [32, 47, 52]. 
Severe LOH is directly related with significantly increased risks to all-cause of 
cardiovascular and cancer-related mortality, for which not only the level of 
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testosterone, but also the presence of sexual symptoms, contributes independently. 
Therefore, men affected by LOH should be subjected to treatment, since their 
lives are at risk [47]. There are two types of treatment for LOH: testosterone 
replacement therapy and lifestyle modification (including weight loss and 
treatment of comorbidities). Due to the fact that symptoms of hypogonadism in 
young men are very similar to those of LOH, testosterone replacement therapy has 
become the most popular choice for the treatment of this aging related condition. 
Still, although it is tempting to speculate that just by replacing decreased 
testosterone levels with exogenous hormone administration all problems caused 
by this decrease will be corrected, this is not absolutely true and is far from being 
demonstrated in a convincing way [47]. One of the problems in this approach is to 
set the level of testosterone that causes LOH, to then proceed with the proper 
doses of testosterone supplementation [53]. Thus, to diagnosis LOH, in addition 
to testosterone serum levels, clinical symptoms should be considered before 
proceeding with the therapy. Moreover, possible complications such as benign 
prostatic hyperplasia, prostate cancer, exacerbation of sleep apnea, gynecomastia, 
polycythemia and liver toxicity should be also taken into consideration [54]. 


The main goal of therapy with testosterone is to restore testosterone levels to the 
physiological range in men with low serum testosterone levels and that also 
exhibit associated symptoms of androgen deficiency. The purpose of this 
treatment is to improve the quality of life, well-being, sexual function, muscle 
strength and bone mineral density [4]. In the initial phase of treatment the 
preparations more suitable are those, which act at the short term, so that if any 
adverse effect arises, these can be immediately detected and treatment can be 
discontinued [55]. There are several preparations available that differ in the 
method of administration and pharmacokinetics, and the selection should be a 
joint decision by both the patient and the physician [56]. Testosterone 
replacement therapy is available in the form of oral preparations, intramuscular 
injections and transdermal gel or patches [57] (Table 14.1), namely intramuscular 
injections of testosterone esters (such as Testoviron™ (Schering, Germany) and 
Sustanon™ (Organon, The Netherlands), testosterone pellets for subcutaneous 
implantation and long-acting injectable testosterone esters (such as testosterone- 
bucyclate or testosterone undecanoate), oral preparations (such as Mesterolon™ 
(Proviron, Schering, Germany) or testosterone undecanoate (Andriol™, Organon, 
The Netherlands)). There are also transdermal delivery systems of testosterone, 
scrotal (Testoderm™, Alza, USA) and non-scrotal (Androderm™, Smithkline 
Beecham, UK) patches, among other systems that are being constantly developed. 
In all these options the replacement drug must be given daily to exert and 
adequate biological effect [29]. Numerous studies have shown the health benefits 
of testosterone replacement, which include increased strength and durability of 
erection and improved sexual performance of men with LOH [58]; increased bone 
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density, muscle mass, improved mood, quality of life and cognitive function, as 
well as increase in stamina [54]. 


Table 14.1. Testosterone preparations used for replacement therapy. 


Administration Advantages Disadvantages 


Testosterone 
Undecanoate 


Testosterone 
Cypionate 


Testosterone 
Enanthate 


Transdermal 
Testosterone 


Sublingual 
Testosterone 


Buccal 
Testosterone 


Subdermal 
Depots 


Oral; 2-6 cps every 6h 


Intramuscular; 
injection 


Every 10-14 weeks 


Intramuscular; 
injection 
weeks 
Intramuscular; 
injection 
weeks 
Gel 
daily 
application 


every 


every 


or skin patches; 


Sublingual; daily doses 


Buccal tablet; two doses 


per day. 


Subdermal 


implant 


every 5-7 months 


Absorbed through the 
lymphatic system, with 
consequent reduction of liver 
involvement. 


Steady-state testosterone 
levels 


without fluctuation. 


Short-acting preparation that 
allows drug withdrawal in 
case of onset of side effects. 


Short-acting preparation that 
allows drug withdrawal in 
case of onset of side effects. 


Steady-state testosterone level 
without fluctuation. 


Rapid absorption and 
achievement of physiological 
serum level of testosterone. 


Rapid absorption and 
achievement of physiological 
serum level of testosterone 


Long duration and constant 
serum testosterone level. 


Variable levels of 
testosterone above and below 
the mid-range. Need for 
several doses per day with 
intake of fatty food [59]. 


Long-acting preparation that 
cannot allow drug withdrawal 
in case of onset of side effects 
[29]. 


Possible variation of 
testosterone levels [60, 61]. 


Possible variation of 
testosterone levels [60, 61]. 


Skin irritation at the site of 
application and risk of 
interpersonal transfer [62, 63]. 


Local irritation [58, 64]. 


Irritation and pain at the 
site of application [58, 64]. 


Risk of infection and 
extrusion of the implants [59, 
65, 66]. 


Moreover, recent EMAS data also showed that weight gain or loss has an evident 
inverse correlation with circulating testosterone and vice versa. Testosterone 
replacement treatment had important effects on body composition, resulting in a 
meaningful increase in lean body mass, and a significant decrease in fat mass 
without a change in body weight [40]. However, adverse effects caused by 
testosterone replacement treatment have also been described, such us increased 
acne, oily skin, gynecomastia, risk of prostate cancer, cardiovascular disease and 
lipid changes, and also increased hematocrit levels [54, 58, 66, 67]. There are also 
recent studies that drawn attention concerning cardiovascular complication in 
ageing men during testosterone replacement therapy [5, 14, 30]. Prostate and 
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breast cancer are absolute contraindications to testosterone replacement therapy, 
severe lower urinary tract symptoms caused by benign prostatic hypertrophy (as 
defined by an International Prostate Symptom Score [IPSS]), untreated or poorly 
controlled congestive heart failure, and untreated sleep apnea are relative 
contraindications [67]. Nonetheless, the indications and contraindications for 
testosterone treatment of LOH, including short and long term benefits and risks, 
still await evidence-based information. The current information about the benefits 
and risks of testosterone replacement therapy is not yet complete and accurate 
because it still relies mostly in data derived from studies that are insufficiently 
powered, poorly controlled and of short duration [7]. 


BIOCHEMICAL MODIFICATIONS IN SPERMATOZOA OF THE 
AGING MALE 


Spermatogenesis is a continuous process that allows males to produce sperm from 
the beginning of puberty until late age. Notwithstanding, spermatozoa are 
continuously produced with advancing age, there is a growing body of evidence 
indicating that advanced paternal age is linked with a negative impact on the 
quality of male germ cells [68, 69]. It was reported that males after 40 years of 
age exhibited a gradual decrease in sperm motility [10]. A negative correlation 
between advanced age and sperm motility in healthy men has also been reported 
[9]. Nieschlag and collaborators found a negative correlation between sperm 
motility and aging after comparing sperm between old (60-88 years of age) and 
young (24-37 years of age) individuals [70]. Similarly, the values of sperm 
motility for old individuals were significantly lower in the group of males with 36 
to 40 years of age when compared with the group of males with <25 years of age 
[71]. However, it must be taking into account that potential confounders, such as 
lifestyle factors (e.g. smoking) and type of infertility among individuals may 
contribute for some variability in the results available in literature [72, 73]. Still, it 
is generally accepted that sperm motility decreases as age increases. Nevertheless, 
this is not so obvious for other sperm parameters, as is the case of sperm 
concentration. Daily sperm production decreases more than 30% in men over the 
age of 50 and is negatively correlated with age of men in general [23] and several 
studies have reported a decrease in sperm concentration with increased age [6, 74 
- 76]. Older men (250 years) exhibited nearly half the sperm concentration when 
compared with young individuals (<30 years) [12]. This is in line with other 
reports demonstrating that the number of men exhibiting decreased sperm 
concentration was 3-fold higher in older men when compared with young men 
[77]. It must be also considered that such remarkable differences may be due to 
individuals attending to infertility clinics and for these reason generalizing to the 
overall male population must be done with some caution, since these individuals 
represent a small percentage of the general population. 
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It is also important to highlight that some evidence found little or no association 
between age and sperm concentration. It has been found an inversed U-shaped 
curve with youngest age groups (22-30 years) exhibiting lower sperm 
concentrations than intermediate age groups, but the concentrations were similar 
to those of the oldest age group (250 years) [78]. It would be reasonable to argue 
that the impaired reproductive health of individuals might be explained since all 
participants were infertile men. However similar results have been reported from 
men with apparently normal reproductive health [71]. It is noteworthy that in 
certain cases these results could be biased, due to the heterogeneity of the 
individuals. Some studies come from infertile men, but other reports come from 
men attending to family planning [72, 79] and may represent men with improved 
fertility due to lifestyle modifications (e.g. healthy eating behavior, vitamins and 
supplements, regular physical exercise). Sperm morphology is also an important 
parameter to evaluate sperm quality and that is also affected by aging. After 40 
years of age the percentage of sperm with normal morphology begins to decrease 
[25]. A semen comparison between men in younger (<30 years) and older (>50 
years) age groups revealed that sperm morphology decreased by 0.9% for each 
year of age [8]. Other studies have also showed a consistency toward decreasing 
percentage of sperm with normal morphology in old men [12, 71, 79 - 82] 
illustrating that aging also affects the morphology of sperm and it may be a main 
reason for decreased sperm quality in older men. 


Human studies have several limitations and several external insults (e.g. smoking, 
alcohol, drugs, environmental contaminants) and pathological conditions easily 
disturb human spermatogenesis being one of the limiting aspects when 
interpreting the results concerning sperm quality [83]. Conventional semen 
analysis, including ejaculate volume, sperm concentration, motility, and 
morphology determined according to World Health Organization criteria [84, 85], 
are the first step in the evaluation of male infertility. However, this conventional 
analysis has already been recognized to be of limited value in the determination of 
sperm quality in part due to the notable biologic variability of conventional sperm 
parameters and the fact that these parameters are poor predictors of sperm quality. 


Aging exerts multiple effects on the acquisition of motility, sperm morphology 
and sperm number and all alterations in these parameters indicate that the quality 
of spermatozoa declines over time. However, few works have explored in detail 
the molecular mechanisms that hamper sperm function in old men. Sperm 
parameters seem to be significantly affected after 40 years of age, which is 
coincident with the increased levels of reactive oxygen species (ROS) in semen 
[86]. It is well known that excessive ROS and oxidative damage in spermatozoa 
are consequences of aging [69, 87, 88]. Negative correlations between seminal 
ROS levels and sperm motility have been established, foreseeing that an elevation 
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of seminal ROS levels may be a causative factor for increased incidence of 
asthenozoospermia in old individuals [86], probably due to defects in sperm 
plasma membranes, as previously discussed in other chapters. Sperm are devoid 
of antioxidant defenses. Furthermore, as age advances the efficiency of the 
antioxidant defense system in male reproductive system decreases. Aging declines 
the expression of antioxidant defenses, in particular glutathione peroxidase 5 
(GPX5) throughout reproductive tract [89]. GPX5 is part of the glutathione 
peroxidases family, which is one of the most important constituents of the 
antioxidant system. GPX5 plays a role in protecting the membranes of 
spermatozoa from the damaging effects of lipid peroxidation. With the diminished 
antioxidant activity, oxidative stress may occur due to uncontrolled and excessive 
ROS production and an inefficient ROS-defense system. Sperm are extremely 
susceptible to ROS attack and this vulnerability is mainly ascribed to the presence 
of polyunsaturated fatty acids (PUFAs), namely docosahexaenoic acid, in sperm 
plasma membrane. PUFAs are particularly prone to free radical attack due to the 
conjugated nature of the double bonds adjacent to methylene group (C-H), 
making the methylene bond weaker and consequently the hydrogen more 
susceptible to abstraction. Therefore, the new carbon centered-radical formed in 
this process is stabilized by conjugated diene, which then combines with oxygen 
to origin a lipid peroxyl radical. This peroxyl radical is able of subtracting a 
hydrogen atom from another polyunsaturated fatty acid thus triggering a lipid 
peroxidation cascade [90]. The lipid peroxidation chain reactions initiated in 
spermatozoa result in the formation of a cascade of aldehyde by-products that 
include malondialdehyde, 4-hydroxynonenal (4HNE) and acrolein. Specifically, 
4HNE and acrolein, may form adducts with several proteins within the 
spermatozoa [91], as is the case of dynein heavy chain. Dynein heavy chain is 
essential to generate the force for the movement of flagellum. The formation of 
adducts may explain the effect of these aldehydes, for instance in the inhibition of 
sperm motility [91, 92]. Similarly to what happens with lipids, nuclear DNA of 
sperm is also targeted by ROS. A growing body of evidence have showed that 
advanced paternal age is associated with an increased frequency of DNA damage 
in sperm [93 - 95], which is a consequence of the accumulated damages induced 
by ROS over time, especially in the structure of sperm chromatin. In fact, it was 
recently reported an association between DNA fragmentation and chromatin 
defects in old individuals [96, 97]. The chromatin structure of human sperm is 
highly condensed and organized. During spermiogenesis, sperm chromatin 
undergoes a series of modifications in which histones are replaced by protamines 
1 and 2 (P1 and P2) to form a tight toroidal structure. This organization is 
essential to protect sperm DNA from oxidative damage and is particularly 
resistant to ROS attack [98]. Altered P1:P2 ratio, leads to an abnormal 
protamination compromising DNA integrity [99 - 101]. As a result, DNA 
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becomes “exposed” to the damages of ROS. The oxidative damages primarily 
occur at the guanine bases and causes the formation of adducts, the most common 
of which are 8-hydroxy-2'-deoxyguanosine and 8—oxo-7,8-dihydro- 
2'-deoxyguanosine. Moreover, sperm are able to produce ROS during the events 
associated with sperm post-ejaculatory journey. For instance, hydrogen peroxide, 
superoxide anion and peroxynitrite radical are generated during sperm 
capacitation. In sperm the majority of these reactive oxygen metabolites are 
generated due to electron leakage from sperm mitochondria [102]. On the other 
hand, the nicotinamide adenine dinucleotide phosphate oxidases may also 
generate ROS [103]. DNA fragmentation associated with advanced paternal age 
has been implicated in a broad range of abnormal reproductive outcomes, which 
include declined sperm quality [104] and reduced fertility [104]. 


PATERNAL AGE AND EPIGENETIC RISKS 


The number of couples deciding to become parents later in life has increased in 
the last few years, not only due to professional and social reasons, but also by the 
use of several methods of contraception, which contributes to the postponement of 
parenthood to middle or old age. Later parenthood is considered by many to have 
advantages and in many cases men have constituted a second family later in life. 
Consequently, paternal age becomes an issue increasingly discussed and studied 
that must continue to gain attention for discussion in the next decades [2, 105]. It 
is well established that children born from older parents are exposed to higher risk 
for genetic disorders. This fact is well described and supported, especially for 
women who are mothers at a later age. Advanced paternal age is a risk factor for a 
wide range of health conditions in the offspring . These may include spontaneous 
dominant disorders, congenital anomalies, neurological diseases (e.g. 
schizophrenia and autism) and some types of childhood cancers [106 - 113]. 
Moreover, it was demonstrated that children of older parents have a higher 
prevalence not only of childhood cancers but also of certain sporadic nervous 
system cancers [114, 115]. 


Epigenetic changes, mainly DNA methylation, have been associated with age- 
related diseases. Furthermore, these modifications are also associated with 
increased advanced paternal age, along with mutations in DNA and chromosomal 
aneuploidies. It is important to consider the degree to which sperm are susceptible 
to epigenetic modifications induced by aging that could lead not only to 
embryonic dysfunction, but also to diseases in the offspring. Some of these 
alterations may be passed to the next generations and due to the “plasticity” of 
epigenetic modifications, sperm epigenetics has become one of the major hot 
topics for research worldwide. Few studies have been performed and it seems that 
the pattern of sperm methylation induced by aging show remarkable differences 
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than what was observed in somatic cells [116]. Intriguingly, it has been proposed 
that there is an increase in the global level of methylation in human sperm from 
old individuals, while regionally there is a bias toward methylation loss [116]. In 
fact, it has been demonstrated that specific genomic regions of DNA methylation 
are commonly altered with age and some regions of the sperm genome are more 
susceptible than others to age-associated epigenetic alterations [116]. In this 
context, it has been identified a regional loss of DNA methylation in the sperm of 
old mice, whilst no global changes were observed [117]. Moreover, the finding 
that CpG islands (CGI) shores, rather than in the islands themselves, are 
abnormally methylated in the offspring of old fathers suggests that advanced 
paternal age has large impact on gene expression and possible implications in the 
offspring’s health. It was recently evidenced that paternal age is associated with 
reduced methylation and variation of the transcriptional regulator Forkhead Box 
K1 (FOXK1) and the potassium voltage-gated channel subfamily A member 7 in 
sperm. It has been showed that paternal age is not only associated with FOXK1 
hypomethylation in sperm, but also with reduced methylation of the paternal 
allele in somatic cells of the offspring. Alarmingly, these age-related genes are 
associated with neuropsychiatric and other disorders [118]. These evidence 
indicate that some of the abnormalities in sperm DNA methylation of old fathers 
are transferred to the offspring, and that epigenetic reprogramming erases some 
but not all of these modifications. As age advances, sperm DNA become 
particularly sensitive to demethylation and the residual nucleosomes, resultant 
from the chromatin dynamics, are specifically retained at unmethylated CpG- 
dense regions, such as CGI promoters [119]. This may suggest a mechanism by 
which CGI shores are more susceptible to methylation abnormalities in sperm. 
Interestingly, the retention of nucleosomes in sperm is associated with the 
establishment of DNA methylation-free regions in the early embryo [119] and this 
has been proposed as a possible mechanism for transgenerational inheritance 
[119, 120]. 


CONCLUDING REMARKS 


The deterioration of testicular endocrine function has been a matter of great 
debate and this is due to the fact that many of the symptoms involved in the 
decline of well-being associated with aging (such as frailty, depression and 
worsened sexual function) have been related to the decline of testicular androgen 
production. In light of new population-based studies, the existence of the clinical 
and biochemical syndrome known as LOH has been confirmed, but its incidence 
appears to be lower than originally estimated. It is generally accepted that LOH 
constitutes a predictive value for the entire well-being of a man and may identify 
him as a high risk candidate for multiple diseases. Most authors recommend the 
use of replacement therapy even at the initial manifestations as testosterone levels 
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decrease and there is a presence of specific sexual clinical manifestations. 
Nevertheless, there is not yet full agreement on the risk-benefit index in 
testosterone replacement therapy. 


Aging also contributes to the decline of spermatozoa quality, by affecting 
essential parameters such as sperm motility, morphology and its numbers. This is 
in part due to the accumulated damages caused by the aging-induced oxidative 
stress. So it will be essential to explore in depth the underlying mechanisms of 
aging-induced oxidative since there is compelling evidence that it may hamper the 
function of spermatozoa. Furthermore, advanced paternal age has been associated 
with epigenetic alterations in sperm, namely abnormalities in DNA methylation. 
This is of major relevance, since some of these epigenetic alterations are heritable, 
which prompts the offspring to develop several congenital disorders, neurological 
and metabolic diseases and even cancer. 


Box 14.1 | Summary 


e Aged father is an increasing social phenomenon. 

e Increased paternal age is related to decreased fertility. 

e There are two types of treatment for LOH: testosterone 
replacement therapy and lifestyle modification. 

e There is a need to improve the knowledge concerning the 
benefits and risks of testosterone replacement therapy. 

e Advanced paternal age is linked with a negative impact on the 
quality of spermatozoa. 

e Epigenetics of sperm seem to be implicated in the offspring 
disease susceptibility. 

e Children of older fathers show increased risk for congenital 
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